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Properties of Barium Titanium Silicate Glasses » 
Given W. Cleek and Edgar H. Hamilton 


The glass-forming region of the 
refractive index, mp, nu value, 
have measured 
thermal expansion, 


been 
deformation 


BaQ-TiQo-SiO: 
liquidus temperature, and transmittances in the near infrared 
Also measured for representative glasses were linear coefficient of 
temperature, 
A number of stable glasses were found, which have high refractive indices, 


system has been determined. The 


chemical durability, and hygroscopicity. 


good infrared 


transmittances, and high deformation temperatures, and which are unique in their resistance 


to attack bv both acids and alkalis. 


1. Introduction 


The development of infrared detecting devices has 
created a demand for glasses for their construction. 
Many of these devices operate in the hear infrared 
at the wavelengths of the so-called atmospheric 
windows, where atmospheric transmittance is high. 
The windows for which glasses are being developed 
are those at wavelengths of roughly 2.0 to 2.4 and 
85 to 6.0 pw. 

The requirements for the glasses include high 
transmittance at the wavelengths of interest, and 
good chemical durability In addition, for refracting 
optics, glasses having high refractive indices over the 
range of about 1.80 to 2.00, and a range of dispersions 
for each index, are needed. BLO, and P.O; are not 
desirable as constituents of infrared transmitting 
glasses, as they cause rather strong absorption bands 
bevond wavelengths of about 2.75 uw {1j2 The 
silicate glasses, in general, do not transmit bevond 
5 uw, presumably due to the Si-O bond, which 
$.45 uw |2). Germanate glasses transmit 
1], but GeO, is a searce and expensive 
that it is not readily available as a 
\nother group of oxide glasses, 
“olass former,’ are the 
calcium aluminate glasses [1], which also transmit 
to about 6 yw. They require very high melting 
temperatures, dey itrify easily, and have poor chem- 
eal durability. 

Most high-index glasses presently available 
either extra-dense flint glasses, which have a high 
PbO content, or rare-earth borate glasses [3]. The 
extra-dense flint glasses have fairly infrared 
transmittances, cutting off, as do most silicate glasses, 
at about 5 uw. They have high refractive indices, 
but their chemical durability is The BO 
content of most rare-earth glasses makes them useless 
for infrared applications 

Upon consideration of the above factors, it) was 
decided that silicate glasses appear to offer the best 
possibilities for general use if other components 
could be found to impart the desired properties to 
the glasses. A svstem on which little information 
was available, but which appeared promising from 
the point of view of high refractive index and good 
infrared transmittance if glass-forming compositions 
could be found, ternary. BaQO-TiO,-SiO. 
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system. The phase equilibrium diagram has not 
been determined, but information is available on 
the binary sides of the ternary system |[4, 5, 6}. 
Rase and Roy have determined the liquidus tempera- 
tures and phase relations along the line BaQO-TiO,- 
SiO, in the ternary diagram [7]. This information 
was very useful in selecting compositions in the 
ternary system that could be melted and cooled as 


glasses, 


2. Experimental Procedure 


The glasses were made in 500-g melts from batch 
materials of sufficient purity to satisfy the require- 
ments for the production of optical glass. The 
standard procedure was to melt the batches in plati- 
num crucibles, 2!: in. in diameter by 3 in. deep. 
After the batch was melted, the melt was stirred 
for 2 hr with a motor-driven platinum—10-percent- 
rhodium double-bladed propeller-type stirrer. It 
was then poured into a heated metal mold to form a 
block about 's in. thick. When sufficiently rigid, the 
glass block was transferred to an electric muffle 
furnace, which was cooled to room temperature in 
approximately 18 hr. Only those compositions that 
could be melted below 1,500° C and in which no 
appreciable devitrification occurred during cooling 
were considered to produce glasses. These experi- 
mental conditions were used to define the glass- 
forming region of the system, and no attempt was 
made to enlarge the region by melting at higher tem- 
peratures or by cooling the melts more rapidly to 
avoid devitrification. 

A softening temperature for each glass was deter- 
mined by a gradient method [8]. A fiber of glass, 
0.4 to 0.6 mm in diameter, was supported at approxi- 
mately ‘-in. intervals on a platinum holder and 
placed in a known temperature gradient for 20 to 30 
min. From the position at which the fiber sagged 
between supports, the softening temperature could 
be determined to £10 deg C. The softening tem- 
perature, so determined for these glasses, was found 
to be from 40 to 60 deg C above the deformation 
point as determined by the interferometric thermal- 
expansion method [9]. Using this information, the 
vlasses were annealed by heating for 4 to 6 hr at a 
temperature about 60 deg C below their softening 
temperature and then cooling at a rate of 2's deg/hr 
to 850° © It is believed that this treatment vielded 
glasses of comparable annealing, inasmuch as the 
temperature at which equilibrium was obtained would 
be a function of the composition and rate of cooling. 








The liquidus temperature of each glass was deter- 
mined by a temperature-gradient method {10}. 

Refractive-index determinations were made on 
polished annealed samples of the glasses in the form 
of 60° prisms for the C, D, and F lines by the NBS 
Optical Instruments Section. The spectral trans- 
mittances of the glasses were determined from 1.0 to 
6.0 uw by the NBS Radiometry Section, with a model 
21 double-beam Perkin-Elmer infrared spectrometer. 

The chemical durability of the glasses was deter- 
mined by an interferometric method developed by 
Hubbard and Hamilton [11]. Cloth-polished sam- 
ples were immersed about one-half their lengths in 
solutions buffered to the desired values of pH. After 
6 hr of exposure at 80° C the samples were removed 
from the solutions and viewed through an optical flat 


with monochromatic light. Any shift in the inter- | are given in table 1 and are plotted in the ternary]; 
TARLE 1 Ternary BaO-TiOg-SiO2 Com positions 
( tic Liqu t 
Melt tempera I rk 
S10) B ) ( 
Mo Vii VJ ( 

F204 ( 2t 1s Devitrified in mold 
F203 iT a») nm is4 Do 
F202 F 2 2 182 1 
F201 ‘ a $4 14 Do 
F300 i 2 ; $8 Do 
F3l¢ 1) ma i] 147 Do 
P33 ; pa) 1 $4 1 
F33 30 H ‘) 140) I> 
F337 25 at 40) > 
F363 gl 22 1M By 
F304 42 22 5 248 Some devitrifica 
F3t 32 22 1 $50 Cor lerable d f 
F15l 70 2 40S By 
FI 6 25 i 45 > 
F149 i 2 ] ya Opal ent 
F148 AF 9 v1) 1. 73021 34.0 1 200 Glas 
F147 ) 2 2 777) 0.6 1, 248 Do 
F146 H 2 0) 82236 27.6 1, 233 > 
F145 1) 2 ; 1. SHOR2 25.3 1, 218 Do 
F289 35 2 { 1, 242 Dark-brown glass 
F317 0) { 1, 20 Do 
F333 25 2 4 1, 305 Black glass 
F367 2? 2 2 310 Considerable dev itrifieation 
F336 A 2 $4.4 Contained devitrificatior 
Fate 7 27 { i) Considerable dey ! 
F368 7 7 $ ONS ia 
F152 65 +) 1. 63139 19.9 ne Glas 
P35 i $4 672%) 43.7 v1 I) 
F49 5 $4 71275 a +30) D> 
F40 ™) +) 1 75412 4.3 $42 1h 
FOS "7 4) 2 TOSS v1.9 $44 ey 
F138 0) 4) S307 28. 1 iM ay 
F139 $5 4 STUUS 25. 8 $37 Some devitri mé ! 
F 288 $5 4 $ $54 Some devitrific I block 
F200 wv) vw) 1) 13 Considerable cde ficat 
F334 2 ( $ Do 
F335 i) (V2 Do 
F353 $3 1 Devitrif nt 
F144 Pe) ; 1 AS51458 190 {7 Gila 
F143 : $ 69148 43. 1 4 Do 
F142 ) $ 1. 73037 $s {y ID 
Fi4l 45 , 4] Considerable d f 
F140 rT 2 120) Do 
F315 123 ey rified in mold 
F2S7 44 Do 
F282 iT Cloudy 
F283 ( i i) me devitrific 1 
F284 1 ' 14 Considerable d f 
F205 41 ' at 2 1) rified int 
F285 4 168 Do 
FON 4 1 is4 > 
F206 ( 4 4 Do 
F207 { ‘ 2 Do 
F208 1) 1" Wh2 Do 
F209 ; { 2 $58 Do 


| ference bands as they pass from the unexposed to th 
exposed portion of a sample is proportional to the 
amount of attack by the buffered solution and jg 
therefore, a measure of the chemical durability of th 
glass. 
The linear thermal expansions and the deformatig 
temperatures of several of the glasses were determined 
by an interferometric method described by Saundes 


(9. 
3. Results 


3.1. Glass-Forming Area of the BaO.-TiO.-SiO, 
System 


The compositions of all melts made in the system 
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diagram 1n figure 1. 


to the the longest BaO isopleth along which glasses are 
and is, | rmed is the 25 mole percent BaO line. Although 
¥ of the slasses are not formed on this line to the BaO-SiO, 


binary, glass formation begins at about 20 mole per- 
cent of TiO, and extends to relatively high concen- 
rrations of TiO,. This line of glass formation seems 
to follow a valley in the liquidus surface, as may be 
wen from table 1. 

The color of the glasses changed very markedly as 
the TiO, content was increased, Those containing 
up to about 15 mole percent of TiO, were nearly 
colorless, whereas containing intermediate 
amounts, from 20 to 35 mole percent of TiO,, were 
orange colored, and the others having above 40 mole 
System percent of TiO, were dark brown to black. Evident- 
ternary ly, as the TiO, content is increased, the absorption 

increases at the shorter wavelengths in the visible 
region, and at higher TiO, concentrations very little 
visible light is transmitted. 


rMation 
ermined 
aUNders 


those 


SiO, 


3.2. Liquidus Temperature 


The liquidus temperature for each composition is 
viven in table 1. It will be noticed from the table 
that in no case was a glass formed from a composition 
that had a liquidus temperature greater than 1,400° 
(. The lowest liquidus temperatures were found 
along the 25-mole-percent BaO isopleth, which is 
also the longest line of glass formation in the system. 
Furthermore, the shape of the liquidus curve of the 
25-mole-percent BaO series in the areas of best glass 
formation is relatively flat, indicating a high degree 
of dissociation of the primary phase at the liquidus 
temperature [12]. Probably, the of 
formation is related to the degree of dissociation of 
the primary phase in the melt, because a similar 
observation was made for the BaOQ—B,O,-SiO, 
glasses [8]. In the latter system, the glasses whose 
compositions lie in the 3BaO-3B,0,;-2Si0, primary 
field, which has a flat liquidus curve, were the ones 
that were melted and homogenized with the least 
difficulty and had the least tendency to devitrify. 


ease class 


3.3. Refractive Indices and Dispersions 


The refractive indices, np, and v values are plotted 
in figure 2 for the three BaO isopleths along which 
were obtained. The values of varied 
from 1.63139 to 1.87998, and vy from 49.9 to 25.3. 
The refractive-index values appear to be linear 
functions of composition. The plots of the v values 
definitely show curvature. 


glasses 


Np 


3.4. Infrared Transmittances 


Figures 3 to 9, inclusive, give the transmittances 
for 2-mm thicknesses of the ternary glasses over the 
(spectral range 1 to 5 wu. The figures compare glasses 
of constant TiO, content. In general, the glasses 
giving the highest transmittance at 4 yw lie on the 
30-mole-percent BaO isopleth up to a TiO, concen- 
tration of 25 mole percent, then the compositions 





As may be seen from the figure, | shift to the 
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25-mole-percent BaO isopleth. There 
are considerable differences in the transmittances of 
the various glasses, but no simple relationship 
ee transmittance and composition is readily 
evident. 


3.5. Chemical Durability and Hygroscopicity 


The values of chemical durability of five represen- 
tative ternary glasses are given in table 2 and are 
plotted as a function of pH in figure 10. All values 
are for 6 hr of exposure at 80° C. As may be seen 
from the figure, the glass containing 60 mole percent 
of SiO, is attacked in the alkaline range. As SiO, is 
replaced by TiO,, the attack in this range is de- 
creased, and although slight attack or swelling is 
noticed at pH 2, the glasses containing 20 mole 
percent, and more, of TiO, show no attack in the 
alkaline range. 

The hygroscopicity [13], or the tendency of a 
powdered-glass sample to absorb water in a humid 
atmosphere, was very low for the samples of the 
ternary glasses on which determinations were made. 
The values obtained were, in all cases, equal or less 
than fused silica, which was used for purposes of 
comparison. These data are given in table 2 and 
plotted in figure 11. 

The resistance of these glasses to chemical attack 
and their low hygroscopicity make them unique as 
compared to known oxide glasses. 


TARLE 2. Hygroscopicity and chemical durability of BaO 
TiOs—SiO» glasses 
Water Surface alteration, * fringes, at pH 
sorbed (exposures, 6 hr at 80° C) 
Molt _ 
l hr 2 hr 2.0 4.1 6.0 8.2 10.2 11.8 
mq md, 
cm cm 
I 0.0 ND| ND) ND | ND 1/2A) 2A 
F49 6.1 %1)/ND)|ND|ND | ND | ND [2/104 
r40 5.2 8.2 VIOA ND ND > ND) ND > ND 
FOS 271008 ND) ND | ND! ND | ND 
F138 1/108 ND | ND > ND | ND >| ND 
Corning 7740 16.9' 2323 ND ND ND | DA 114A 134A 
Fused SiOz 6.2) 12.1 ND ND ND D> 1/2 
* NI), No detectable attack; A, attack of surface; S, swelling of surface; DA, 


detectable, but not measurable attack 


3.6. Thermal Expansion and Deformation 
Temperatures 


The linear coefficient of thermal expansion has been 
determined for only three representative ternary 
The values obtained were 9 or 10107, 
which is near the values of most commercial soda- 
lime-silica glasses. The deformation temperatures 
are somewhat higher than the usual values for silicate 
The expansion curves for the three glasses 
are plotted in figure 12. The deformation tempera- 
tures varied from 767° C for glass F35, containing 10 
mole percent of TiO, to 791° C for glass F138, having 
30 mole percent of TiQy. 


r] — 
giasses. 


classes, 











4. Summary 


The glass-forming region of the BaO-TiO,-SiQ, sys- 
tem has been determined. The liquidus temperature, 
refractive indices and dispersions, and infrared trans- 
mittances of the glasses have been measured. The 
chemical durability and hygroscopicity, and linear 
thermal expansion of selected glasses have been deter- 
mined. Glasses in this system are unique as com- 
pared to most glasses in that they have a high defor- 
mation temperature, exceptional chemical durability, 
and very low hygroscopicity. 


5. References 


[1] Francis W. Glaze, Transmittance of infrared energy by 
glasses, Bul. Am. Ceram. Soc. 34, 201 (1955 
{2} Jack M. Florence, Charles C. Allshouse, Francis W. 


Glaze, and Clarence H. Hahner, Absorption of near- 


[5] E. N. Bunting, Phase equilibria in the systems TiO 
TiO.-SiO. and TiO.-AlLO;, BS J. Research 11, 716 
1933) RP619. R. W. Ricker and F. A. Hummel, Ry. 


actions in the system TiQ,-SiO,; revision of the Dhasy 
diagram, J. Am. Ceram. Soc. 34, 271 (1951 R 0 
De Vries, Rustum Roy, and Ek. F. Osborn, The SVster | 
TiO,-SiO2, Trans. Brit. Ceram. Soc. 53, 525 (1954 
[6] P. Eskola, The silicates of strontium and barium. Am J 
4, 331 (1922). J. W. Grieg, Immicg: | 
melts, Am. J. Sei., 13, 


5 
Sei ‘ 5th series, 
bility of si 
1927). 


licate Sth series. 


[7] D. FE. Rase and Rustum Roy, Phase equilibria in the sys. 
tem BaTiO,;-SiOs, J. Am. Ceram. Soc. 38, 389 (1955 
[8] Edgar H. Hamilton, G. W. Cleek, and O. H. Grane: 


Some properties of glasses in the BaO-B.O.-SiO SVste) 
and a theory of structure unpublished mal 
script | 

[9] James B. Saunders, An apparatus for photographing jp. 
terference phenomena, J. Research N BS 35, 157 1945 
RP1668. 

[10] Oscar H. Grauer and Edgar H. Hamilton, An improyy 
apparatus for the determination of liquidus tempera- 
tures and rates of crystal growth in glasses, J. 
NBS 44, 495 (1950) R P2096. 

Donald Hubbard and Edgar H 


glass 


Rese ar 


Hamilton, Studies of the 


(11) 


chemical durability of glass by an _ interferometr 
method, J. Research NBS 27, 143 (1941) RP14099 


infrared energy by certain glasses, J. Research NBS [12] John Ek. Rieci, The phase rule and heterogeneous equilib- 
45, 121 (1950) RP2118 rium, p. 123 (D. Van Nostrand Co., Ine., New York 
[3] C. J. Phillips, Glass the miracle maker, p. 116 (Pitman N.Y. 1951). 
Publishing Corp., 1948 [13] Donald Hubbard, Hygroscopicity of optical glasses as a | 
[4] D. E. Rase and Rustum Roy, Phase equilibria in the svs indicator of serviceability, J. Research NBS 36, 365 
tem BaO-TiO,, J Am. Ceram. Soc. 38, 102 (1955 1946) RP1706 
SiO, 
COMPOUNDS 7 
| Ba0- 2Si0, J O Compound 
2 2800 3S10, 0 / 90 ® Glass 
3 Ba0 Sid, “A Xx Contained Crystalline Moteria! 
4 2800:Si0, ( \ | 
T 
5 2800:TiO, a \s0 | 
6 BoO-T 0, \ 
7? Bc0 2T10, 
6 B00-3T 02 304 x \70 
9 B00 -4Ti0 7 ; 
. 4 . x x 
iO Bad M10, 25:0, ’ 
11 Ba0-TIO, S10, aot e e x \60 
i x ° ° ex x 
| 
od? x x © @e @ Xx X50 
/ OT 
rz ££ ees 
A 
604A x x r €.e fF X40 
/ ¥ : 
‘ x x) x x 
ps . ° ' x \ 
704 . x e_ x X30 
IA . 
Xx eo xX 
x 
BOA x x X20 
904 10 
| ; 
' ; ; ‘ ; 
Bad o. — — kf - — = ao vw Fy? Ov —————> Tj ()., 
.) 20 aC 40 50 60 70 80 390 2 
MOLE PERCENT 
FIGurRi | Com) j er j ty} BaQe-TiO) sf 


320 






































OOr ~ ———- - . —— 
‘lms Tid ; | 
| 
1 11, 7) 
nmel, Re. 30 | 
the phas . 
R ¢ , _—— XK —— KK —— XK 
° ‘ 
he SVster > 80 
(105% = 
1954 a 
> 
m, Am J ‘ 
Immis 2 70 1 
1€s, 13, > 
WwW x 
5 . 
n the sys. — —— x 60 
+) 1955 9 1 a 
Grauer ° 
Ww 
> S¥ster s) 
; Z 50 
| nar 
- o! 85 | - 
2 re 
phing jp. 30 Bod = 40 
4 1945 - > 
Ww a 
: 8¢ | x x 
mprove © | - 2 Fi43 x x 
temper ra- w 
Resear : -—25 BoO F35 e—q 
e175 J 
. f/f 20} 
ies Of the b aa 
rometr + ae r 
P1409 x e " | 
70 0 
 equili . 
w York B 
L Ba 
“CS @s a 65 . 2 3 4 © 
36, 365 / WAVELENGTH, MICRONS 
SE ee a 
€ > « ‘) « 3 35 . 
| adi . GURE 4. Spectral transmitiance of 2-mm thickness of two 
I ] : 
MOLE PERCENT TiOo jlasses containing 10 mole percent of TiO». 
Fy URI 2 Plot ol elractive nder and nu aiue as a function 
) composition 0 [fie ata forming compos fion n the 
BaO-TiO.—SiO , 
oC . . .eS +. 8 _ fm me & 


4 
. | = 
2 z 
Ww Een} wW 
} x | i ; 
> Ww 
1 a 
J 6OF us 
2 | 5) 4 
é z 
- a 
> ~ 
40} a | 
= | © 7 | 
2 y) 4 
< 44 x z 
x a 
r 30} c 
= 





| 
r 











3 3 
Lou™e 
WAVELENGTH, MICRONS : > 3 4 5 
| IGURI s. Spectra ansmittance of 2-mm thu kness of two WAVELENGTH, MICRONS 
glasses containing 5 mole percent of TiO). Ficure 5. Spectral transmittance of 2-mm thickness of three 
S ; glasses containing 15 mole percent of TiO». 





F 40 x 








PERCENT 


TRANSMITTANCE 


™ 
z 

w 

WO « Re 
ae 60 Mase ne tell 
wW 

a 

w ( 

6 350 

z 

4 

_ 

= a 

= 1@) 

m7) 

z 

a 

« 

cn 





> 3 
WAVELENGTH, MICRONS 


Figure 6 Spectral fransmittance of mm 


; 


glasses containing 2U mole pe cen 


90 





80 


PERCENT 
_ 
> 


o 
O 


— w ® 
°o oO 


TRANSMITTANCE, 


~ 
Oo 





2) 


PERCENT 


TRANSMITTANCE, 


30 Fi39 x 








| 2 3 
WAVELENGTH, MICRONS 


+ Figure 7. Spectral transmittance of 2-mm 


, 


glasse s containing 2) mole perce nio 




















. 2 3 4 E 
WAVELENGTH MICRONS 
s Spectral transmittance of 2-mm_ thickness of 
glasses containing 30 mole percent of TiO 


O 


a iin 


99 —f— x—x— x 


80 x | 





F145 oO 











0 
J 5 2 4 
WAVELENGTH, MICRONS 
9. Spectral transmittance of 2-mm thickness of tu 


glasses containing 35 mole percent of rio 





eF 35 OF49 XF4QO O F95 + Fi38 


er SiO, 60 55 50 45 40 . 
BoO0 43 _«30 30 30 30 30 
7 TiO, 10 i5 20 25 30 


, FRINGES 


Attock 





SURFACE ALTERATION 
° 
5 
isk 
503 
© 
N 
j 









































o 
¢ 
rt 
é 
WV) 
= 2a 1 LL 1 = | 8 1 1 l 
2 3 a 5 6 7 8 9 10 i 12 
pH 
Figure 10. Chemical durability of five BaO—TiO.—-SiQ, glasses as a function of pH. 
of 
; et ee T T T 
30 4 e 
— x CORNING 7740 
a a 
E 
oO 
~ 
o : 
E 
3 f 
W 20 / 4 ~ ~ 
oO / aS 
id / ~ 
| re) j a 
r / . , 
x X 
wu 1 | s 
- dq « 4 
qd / | 
2 / FUSED SiO, 
/ 
| 10 ; + F 35 q 
/ F 49 
F 40 | 
| 
“0 2 3 
EXPOSURE , HOURS 0 n 
e 100 200 300 400 500 600 700 800 
5 Figure 11. Hygroscopicity of three BaO TiO S10; glasses TEMPERATURE, °C 
compared will Corning 7740 glass and fused sid), 
. - Figure 12. Thermal expansion curves of three BaOQ—TiO,-SiO, 
WASHINGTON, July 11, 1956. glasses as determined by an interferometric method, 


323 











December 1956 Research Paper 2721 


Vol. 57, No. ¢ 


Scavenging Characteristics of a Two-Stroke-Cycle 
Engine as Determined by Skip-Cycle Operation 


P. M. Ku and T. F. Trimble 


A method for determining the mass fraction of fresh charge in the cylinder of the two- 
stroke-cycle engine, from measurements of engine power under normal operation and with 


engine fire d only once in several cycles of opt 
a crankease-scavenged engine are presented 


1. Introduction 


The two-stroke evele engine, 1n order to develop 
one power evele for every revolution of the crank- 
shaft, must rely on the action of an auxiliary device, 
known as the scavenging pump, to expel the combus- 
tion products from the cvlinder and to fill the eyl- 
nder with fresh charge. The scavenging pump may 
be and frequently is physically separate from the 
engine evlinder proper. In the crankcase-scavenged 
engine, the evlinder-crankease-piston combination 
serves as the scavenging pump. 

The ideal objective of the scavenging process is, of 
course, to replace completely the combustion prod- 
iets in the engine cvlinder with fresh charge delivered 
through the inlet ports, without meantime losing any 
of the fresh charge through the exhaust ports. In 
this manner, maximum power is derived from the 
evlinder with the least expenditure of scavenging- 
pump power. In practice, such an objective is never 
attainable, hence the excellence of the scavenging 
process must be judged by the mass of fresh charge 
retained in the engine evlinder per unit time, in 
relation to the mass of fresh charge supplied per unit 
time by the scavenging pump. 

It follows from the above that two mass rates per 
init time, viz., that supplied by the scavenging pump 
and that retained in the engine C\ linder, are required 
to define the scavenging characteristics of an engine. 
Of these two quantities, the mass supplied by the 
scavenging pump per unit time can be directly 
measured by the use of a flowmeter placed in the 
inlet system. The mass retained in the engine eyl- 
inder per unit time is not, however, subject to a 
For its determination, a num- 
devised and 


direct measurement 
ber of indirect methods have 
studied [1,2]. In general, such methods are either 
extremely laborious, or liable to considerable errors. 
This paper describes a rather simple method for the 
determination of an important related quantity, the 
mass fraction of fresh charge in the engine evlinder 
On the basis of tests performed 


been 


after port closure 
On a crankease-scavenged engine, this method ap- 
peared to be quite practical and reliable. 


k ir n bracket terature references at the end of this paper 


SOSOHS ath 


‘ration is described. 


The results obtained from 


2. Nomenclature 


For analytical purposes, it is convenient to reduce 
the two mass rates mentioned above to nondimen- 
sional quantities. In this connection, several dif- 
ferent systems of nondimensionalization [1,3] have 
been proposed. Each proposed system has certain 
attractive features, thus the particular choice is, at 
least to some extent, a matter of personal preference. 

A system rather similar to that employed by 
Tavlor and Rogowski [1] is used. To nondimen- 
sionalize the mass of fresh charge supplied by the 
scavenging pump per unit time, the term “scaveng- 
_ as defined below, is introduced, 


M, 
p.VaN 


ing ratio’, PR 


R (1) 


To nondimensionalize the mass of fresh charge re- 
tained in the engine evlinder per unit time, the term 


“scavenging efficiency’, és, is introduced, 


M, (9) 
p.VaN ss 
where 

M,=mass of fresh charge supplied by the 

scavenging pump per unit time, 
M,=mass of fresh charge retained in the engine 
evlinder after port closure, per unit of 

time, 

p density of fresh charge computed on the 
basis of inlet temperature and exhaust 
pressure, 

V,=displacement volume, 


N=engine speed, revolutions per unit time. 


In the above expressions, displacement, volume 
\, is used basically as a matter of convenience, for 
this is the volume used in defining the mean effective 
pressure of the engine. The introduction of exhaust 
pressure into density term p, is especially convenient 
for engines with late exhaust closing, in which the 
exhaust pressure rather than the inlet pressure 
exercises controlling influence on the density of the 
cylinder contents at the time of port closure. 
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For the purpose of the present paper, it is helpful 


to note that the quantity .V/, is related to the cylinder 


volume at the instant of port closure, as follows: 


M,=e9,\ -N, (3) 
where 
e=mass fraction of fresh charge in the engine 
cylinder after port closure, 
p,;—=average density of the cylinder contents at 
the instant of port closure, 
V.=cylinder volume at the instant 
closure. 


of port 


Combining eq (2) and (3), the scavenging efficiency 


may then be written 
é. e(p,/p,)(V,/ Va) (4) 


This paper deals with a method for the determina- 
tion of the quantity e, and eq (4) shows the relation 


between this quantity and scavenging efficiency. 
The ratio V,/V, is obviously determined by port 


timing. No attempt has been made to determine 
the ratio p,/p, in the present investigation. How- 
ever, some qualitative remarks may be in order here. 
The ratio p,/p, is, in general, influenced by heat 
transfer between the fresh charge and the engine 
parts, flow resistance at the inlet and exhaust ports, 
and the dynamics of flow in the scavenging system. 
For engines with late exhaust closing, if the heat 
transfer, flow resistance, and flow dynamics effects 
were negligible, then the ratio p,/p, obviously would 
become unity. Thus, p,/p, provides a measure of 
the combined effect of heat transfer, flow resistance 
and flow dynamics in this instance. 


For engines with late inlet closing, the relation 
may best be examined by writing 
Pr/ Ps= (Pr/ Pi) (Pil Ps) = (Pr! Pi) (Pi P. 


where 
p,—density of fresh charge at inlet temperature 
and inlet pressure, 
p;=inlet pressure, absolute, 
pe=exhaust pressure, absolute. 


Applying this expression to eq (4), 
€.=€(pr/pi) (pip) (\, 


Here the ratio Pi Pe ACcOUNtS for the static effect of 
inlet pressure, as against the exhaust pressure used 
in the definition of scavenging efficiency. For 
engines with late inlet closing, the ratio p,/p; provides 
a measure of the combined effect of heat transfer, 


flow resistance, and flow dynamics. In the ideal 
case where these effects are negligible, the ratio 
Pri Pp; reduces to unity. 
3. Principle of Skip-Cycle Method 
In the normal operation of a two-stroke cycle 
engine, when the engine fires every cycle, the 


cylinder is full of combustion products at the begin- 
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ning of the scavenging process. At the end of the 
scavenging process, only a fraction of the combustion 
products remains in the cylinder. Now, considey 
the case when the a is allowed to fire for one 
cycle and then skip, or run without firing, for severg] 
cycles. Obviously, any combustion products tha 
remain in the cylinder must come from the firing 
cycle. Accordingly, the progressive scave nging ac. 
tion of the skippe ‘d cycles results in progressive sly less 
combustion products, or progressively more fresh 
charge, in the cylinder after each skipped cycle. 

The above condition can be rather satisfactorily 
represented by a simple mathematical relationship. 
Let f denote the mass fraction of residual gas re- 
caine in the evlinder during normal operation 
The mass fraction of fresh charge during normal 
operation is then 


(6) 


Let it be assumed that the conditions of heat trans- 
fer, flow resistance and flow dynamics are not signifi- 
cantly influenced by skip cycling—an assumption 
which appears to be justified by the experimental 


results reported herein. In that case, the total 
mass of retained cylinder contents would remain 
substantially constant, and likewise the mass 


fraction of cylinder contents to be passed from one 
evele to the next. Consequently, if the engine is 
allowed to fire only once in n eveles of operation, 
then for each of the firing cycles, the mass fraction 
of combustion products remaining in the cylinder 
would be /", and the mass fraction of fresh charge 
in the evlinder after port closure would be 


€» ] io. (7) 
Figure 1 gives a plot of (1—/")/(1—f) versus f, 
for several values of n. The curve for n= 


represents the limiting case where the evlinder con- 
tains nothing but fresh charge. 





FIGURE | Plot of (1 / 1 f ersus f 
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The skip-cycle method for the determination of 
«is based on the premise that at constant fuel-air 
ratio and best-power ignition timing, the indicated 
thermal efficiency of a given internal combustion 
engine is very nearly constant over a wide range of 
operating conditions, The indicated mean effective 
pressure of a two-stroke eyele engine supplied with 
a premixed fuel-air charge, and operating normally, 
can be expressed, in terms of scavenging efficiency 
defined previously, as follows, 

me p Je p FE Ni, (S) 
where 
indicated mean effective (nor- 
mal operation), 

F’=fuel-air ratio, 
/-.=heating value of the fuel, 
n,;=indicated thermal efficiency based on 

fuel quantity retained in the evlinder, 
mechanical equivalent of heat. 


ymep pressure 


m 


Applving eq (4) to this expression, 


imep=J ep V,/ Va) FEn;. (9) 

Under skip-evele operation, eq (9) can be modified 
to read 

imep, Je,p ( V; ae . (10) 

where imep, is the imep of the firing evele with firing 

n cveles of operation, The 


occurring once every 
are constant, under the as- 


quantities p,, F, and 7 
sumptions made previously. 

Combining eq (9) and (10), and introducing the 
values for ¢ and e€, as given by eq (6) and (7), 


imep, € l f’ 
— (11) 
umep é, ] | 


It is seen that as n approaches infinity, ¢, approaches 
unity for any value of f less than unity, in which case 
e=imep/imep, limit. This relationship, 
though simple, is unfortunately difficult to apply in 
practical determination of ¢, because it is difficult to 
extrapolate with any reasonable accuracy for the 
value of imep, from readings taken with the neces- 
sarily limited values of x in any practical experiment. 
Experience indicates that it is far more satisfactory 
to solve for the value of f from the ratio of imep, 
imep for finite values of n, and then obtain e=1—f. 
Figure 1 can conveniently be used for this operation. 


as a 


4. Experimental Equipment 
A small single-cylinder, air-cooled, crankcase- 
scavenged engine was used for the experimental 
investigation. The principal dimensions of this 
engine are as follows 
500 in. 


2. OOO In. 


Bore 2 
2 
9 S18 in? 
7 
l 


Stroke 

Displacement volume 
Cylinder compression ratio 
Crankecase compression ratio 


O5 
14 


The engine employs conventional loop scavenging. 
The total transfer port area at the crankcase i 
1.27 in.*, the total inlet port area is 1.41 in.’, and 
the total exhaust port area is 0.89 in The rotary 
valve has a maximum opening of 1.32 in2 The 
port timing of the engine is shown in figure 2. 

The engine was connected to a small electric dy- 
namometer. The engine speed was measured by an 
electric tachometer, accurate speed control being ac- 
complished with the aid of a stroboscope directed 
upon a striped flywheel. An MIT hydraulic scale 
[4] was used for dynamometer torque measurement. 

Figure 3 is a schematic diagram of the experimental 
set-up. As indicated, air was supplied by a centrif- 
ugal blower, through appropriate controlling and 
measuring devices, to the engine rotary valve inlet 
(herein defined as the engine inlet). Fuel (a 20:1 
gasoline-oil mixture) was supplied under pressure, 
through appropriate controlling and measuring de- 
vices, to the inlet surge tank, where it was mixed 
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Schematic diagram of the engine setup 


FIGURE 3. 
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with the inlet air. The air rate was measured by 
calibrated sharp-edged orifices of the ASME flange 
taps design [5]. Two orifices were used to cover the 
range of the experiment. Calibrated float-type flow- 
meters were used for fuel rate measurement. Again, 
two instruments were used to cover the entire ex- 
perimental range. 

The engine was enclosed in a duct, and was cooled 
by air supplied by a blower. The stations for the 
measurement of pressures and temperatures are indi- 
cated in the figure. All temperatures were measured 
by means of thermocouples. The were 
measured by mercury and water manometers 

Figure 4 shows the ignition circuit used in the ex- 
periment. The circuit was designed basically to 
operate as a conventional automotive ignition svs- 
tem. There were four sets of breakers: the main 
breaker, a, operating at crankshaft speed, and the 
auxiliary breakers, b, c, and d, operating at reduced 
The reduced speeds were obtaired by mount- 
ing the camshafts, b, c, and d, in a gearbox giving 
speeds in the progression of 1, , and \. The whole 
assembly was then driven through chain and sproc- 
kets by the crankshaft. The sprockets could be 
changed to furnish a speed ratio of either 2 or 3 
between the crankshaft and shaft b. In this fashion, 
the auxiliary breakers could operate at either ', 44, 
and \ of crankshaft speed, or 4, %, and of crank- 
shaft speed. 

The main breaker was used to control the spark 
advance at all times. The spark advance was read 
by an automotive timing light. To obtain normal 
operation (n=1), switch A should be closed, in which 
case a spark would be produced every time the main 
For skip-evele operation, the 


pressures 


speeds. 


breaker was opened. 
switch giving the desired value of n should be closed 
and all other switches opened. In that case, the 
primary circuit would be completed only for the 
cycle for which ignition was desired. For that cvele, 
a spark would be produced at the instant the main 
breaker was opened. 

The indicated mean effective pressure, 
computed from dynamometer readings taken with 
engine firing and motoring, by the familiar relation 
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Fiaure 4, Circuit diagram of the iqnitior 


where 
(’—a constant, 


P,=—dynamometer reading taken with enginp 
firing, 
, 7 - . 
P,—dynamometer reading taken with engine 


motoring. 


Under skip-evele operation, the indicated mean effec. 
tive pressure of the firing cycle, imep,, was computed 
from the dynamometer readings as follows 


imep, ne(P P, 


where n, as defined earlier, is the number of eveles 
of operation per firing evele. 


5. Results and Discussion 


Three series of runs were made, with the engine 
speed, inlet pressure and exhaust pressure varied in- 
dependently. With the exception of the variable 
whose effect was being measured, all operating vari- 


ables were maintained constant at values shown 
below 
V. engine speed rpm 1, SOO 
pi, inlet pressure (inches of mercury, 
absolute “Hea 29 2 0. O] 
p., eXhaust pressure Hea 29. 92 0. 03 
T;, inlet temperature I 100 
T,, cooling air outlet temperature 
] 130 5 
FF, fuel-air ratio 0. OSO 0. 001 
The highest engine speed used in this experiment 


was 3,000 rpm. Limitation of the dvnamometer, as 
well as vibrations of the installation, did not permit 
operation at higher speeds. 

Figure 5 shows the variation of (mep, thp, and air- 
flow rate, \/,, of the engine, under best-power spark- 
advance conditions, over a fairly wide range of en- 
gine speed, inlet pressure, and exhaust pressure 

Figure 6 shows the variation of 7mep, versus spark 
advance under skip-eyele conditions, at 1,800 rpm 
Note the progressive decrease in best-power spark 
advance, and the progressive increase in imep,, as 
the value of m was increased. An indication of th 
degree of reproducibility of the experiment can be 
had by noting that results of three sets of runs, made 
on three different occasions, have been included in 
this figure 

From data presented in the form of figure 6, the 
values of best-power spark advance and ¢mep, undet 
best-power spark-advance conditions, could be de- 


rived for each set of operating conditions. In this 
manner, figures 7 and 8 were constructed. Not 
how the imep, curves with varied exhaust pressure 
cross each other, and cross the curves with varied 


This behavior clearly shows 


inlet pressure (fig. 8 
affected not 


that a variation of exhaust 
only e, but also p,, in eq (9 
imep curves shown in figures 9 and 10 


pressure 


The pmep 
were derived from the ‘mep, data presented in figures 


ll 
i 


flects th 


ted » tt} ba f « 


io/he 


M,. 


o 


wo 




















De 


of 


= 
~ a 
| = c 
. : e 
€Ng ine s F = 
| aa € 00 
engine 
7 
» 50 5 60 
Nn effee. ‘ 
mputed 50 
40 4 4¢ 
30 
I Cveles 30 32 
engine 
‘led In- 
anriabl : 
’ Vvari- Z 
shown Me 
ar 150¢ c c 
N,rpm 
0) 0] Fiat RI 5 Performance 
0. O83 Operati dit inless otherwise specified): 1,800 rpm 
0. OO} 
iment | 
er, as a 
ermit 
. ee ¥ - 
L air- i? 
park- ait. : 
| en- x ——- 
park 80} » « 
rpm 
park . 
» as | ‘ 
: - 4 
r the ¥ 
n be Te 
lade . 
din | 
the 
del 
de- H 
this 
OE ” 
sure 
ried 
WS 
x 
not 
PARK ADVANCE, DEGREES 
10 Fu URE 0 I mep spark ad ance, fo? arying degrees 
r Skip cycling. 
ts 
Operat nditior 1M) Y ) 29.02" Hyg T Oo , Tue 
0.08 Che three differ t hols ce te results of tl runs un 
— r ’ 




































































J 
x 4 
—— i. mec 
™ > ~~ 
7 ~ 4 
™~*, 
{ 
6 Mg 
{ 
Pinas 
ONL inp 
~s 7 
J 
—_* A . de whe 
27 28 29 29.92 29.92 3! 32 33 
P; "Hy a Pp Wy 
i? 9g e? ga 
characteristics of the engine. 
20.92” Hea. T 100° F. fuel-air ratio =0.080, best power spark advances 
rpm 
4 —s 3000 
Fo —— » 2400 
5 "ita : 2 1800 
hw —— =— oo en = 
— x x 1200 
° eee 
2 } 2 
a 4 _——————————— i 
+ < bd 
c € > we 
@ | , 
4 Symbol rpm 
600 
x 1200 
° 1800 
+ 2400 
o 3000 
eo | 
aw 
+ & o— rom 
x w i a 3000 
> SSS + 2400 
> ¥ ae ge = 2~1800 
z © eee 4{~1200 
~ | 600 
© 4 
3 4 t ? s 9 :) 2 
Yr) 

Figure 7. Best-pewer spark advance and imep,, at best-power 
spark advance as affected by skip cycling, at several engine 
speeds, 

Operating conditions: py=p,.=29.92 H 7 100° F, fuel-air ratio=0.080 


329 










































































¢ 
8 
a) 
a se) 
© 
a 
a 
= 4 ‘ 
>. 92 9.9 
or:ed 2 > 
.9 Varied 
x Ww 
cw 
aw 4 
a & is 
HoO4 . 
ao ry 
) 4 _ PsP 
= - ib. = __ . 
Rs ~ — ay 925 
a _— 7 — as * a - 
,! S Ss 5 a ooo awe 9.92 
a> . SSS SSS F- 9-975 
32 0.96 
3 4 g ) 

Ficure 8 Be sl- power! spark advance and ime Pp, al he sl-powe 
spark advance as affected by skip cycling, at several inlet and 
/ J / / 
erhaust pressures 

Operatir ondition 1LSOO rpm, 7 ror? | M Si), 
~ 
t — | oe 
@ > 
rT) = = 
E 
r- 
a 4 
> 
c 
= : : 
x < 
j 8 
+ 800 
a 3 
. pr 
2 
=ySt=r r ~A= ——- $+: 
400 
re a § 1668 
x x eS 
" ; x 
~< | 
_ . ———7~ = 
~ 
q 3 4 5 , ‘4 os > 
Ty 
FiGuRE 9 Vass fraction of fresh charge in the cylinde al 


several engine speeds 


Operating conditior ee fig 


330 


















































ts 
a > 
© 
——<————_ a 325 
— 
- 
/ 
a ~ < ¢ 
a P i ° 
E -< D iadeie 
~ —— - . . 
c _— oo 
a 
@® “wv 
E > Oo ———»- — 
4 + ° . 
j Symbol P:;, Hga r Hga 
y »9 992 3.92 
| 29.92 29.9¢ 
y > Voried 9.92 
7.9 JVor:ed 
a — toe 
W + _ - x € 
~ < q 
.4 —_" 
3 € + = 3 
n 
FicureE 10 Vass fraction of fresh charge in the cylinder, a 
S¢ eral alues ol p p 
Opera g conditior ee figure S 
oO ? 
= 
€ * 
x “ “ 
6 
> 
4 
4 
\ 
2 
Symbol rpm P., Hga P,, Hgo 
c 5 - es “ — 
¢ 800 29.92 29.92 
> 600 Varied 29.92 
4 600 29.92 Voried 
x erred 29.92 293.9 
3 5 ).€ 4 8 
R, 

FIGURE Il. Vass fraction of fresh charq n the cylinder as 
a function of scavenging ratio, for range of engine speed, 
inlet pressure and exhaust pressure investigaled 

Operating conditions: 7;=100° F, fuel-air ratio=0.0S 


7 al 
elim 
ime] 
orde 


deri 
figu 
tha’ 
tiall 
Thi 
of t 
sim 
rest 
reli 


ma 
the 
wit 
ing 
eug 


wit 


/P, 
IZ 
325 
| 
Ve 
| 
i 
( at 
} 
as 
d, 


and 8. Note that because the variable p, was 
eliminated in this method of presentation, the imep,, 
imep curves in figure 10 appeared in a systematic 
order With respect to the ratio p, Pe. 

Figures 9 and 10 also present the values of ¢, as 
derived from the imep,/imep data given in the same 
figures, by the method outlined in section 3. Note 
that the value of ¢ for each case remained substan- 
tially constant over the range of n investigated. 
This constancy of the value of ¢ is gratifying, in view 
of the complexity of the scavenging process and the 
simplifying assumptions made. By averaging the 
results obtained at several values of n, a rather 
reliable value for « may thus be derived. 

The results presented in figures 9 and 10 are sum- 
marized in figure 11. It is interesting to note that 
the mass fraction of fresh charge in the cylinder was, 
within experimental accuracy, a function of scaveng- 
ing ratio only, regardless of the individual values of 
engine speed, inlet pressure, or exhaust pressure, 
within the range of the variables investigated. 


The assistance provided by Edward Bryant in 
setting up the experimental equipment and in oper- 
ating the engine is gratefully acknowledged. 
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Synthesis of 8-Gentiobiose-1-C™ 


Robert Schaffer and Horace S. Isbell 


Gentiobiose-1-C™ was synthesized in 24.3 percent radiochemical yield. 


Its preparation 


involved the degradation of nonradioactive gentio>iose by the Ruff method to 5-O-8-p- 
glucosyl-p-arabinose, the use of the latter material with sodium cyanide-C" in the Fischer- 


Kiliani eyanohydrin synthesis, and the crystallization of 8-gentiobiose-1-C". 


The procedure 


is relatively simple and is satisfactory for the production of gentiobiose-1-C_in any desired 


amount, 


1. Introduction 


Labeled disaccharides are required for chemical, 
biological, bacteriological, and medical research. 
Methods for the preparation of C'™-labeled lactose 
and C-labeled maltose have been described in prior 
publications of the Bureau [{1,2].? 

A radioactive gentiobiose with a uniformly labeled 
nonreducing moiety was synthesized by 
Sowden and Spriggs [3]. The material was ob- 
tained in 11.9-percent vield by a modified Koenigs- 
Knorr synthesis, starting with a uniformly labeled 
p-glucose-C™. The high cost of the starting ma- 
terial and the low yield make production of this 
material very expensive 


clucose 


The present paper reports the synthesis of gentio- 
biose labeled in the reducing group by application 
of the cvanobydrin synthesis. The starting ma- 
terial, 5-O-B-p-glucosyl-p-arabinose, bad been pre- 
pared previously by degradation of 
oxime by the method of Woh] [45]. For the present 
synthesis the material was prepared by the Ruff 
degradation [6] and was purified by the chromato- 
graphic method of Whistler and Durso [7]. The 
glucosvl-arabinose was allowed to react with sodium 
evanide-C' under conditions previously found favor- 
able for production of the gluconic epimer. No 
attempt was made to separate the epimeric products 
of the cvanobvdrin reaction prior to the sugar stage. 
At this point nonradioactive gentiobiose was added, 
and the C-labeled product was separated by 
cocrystallization 


gentiobiose 


percent, based on the C"'™- 


i 
The procedure makes gen- 
available at reasonable cost. 


The vield was 24.3 
labeled evanide used 
tiobiose-1-¢ "aie 


2. Discussion of the Method 


The production of vt ntiobios« -|-C involved the following 
steps 
rhis work is part of a project on the development of methods for the synthesis 
fradioactive carbohydrates, sponsored by the U.S. Atomic Energy Commission 
I ire n bracket vd te e literature references at the end of this paper 
Supplied research worke by NBS at $1.00 a microcurie in quantities of 
mm wt LOO pat 


Gentiobiose 
Bro+ CaCQs; 

Calcium gentiobionate 
H.O.+ Fe** 


5-O-8-p-Glucosyl-p-arabinose 





NaCuNn 


, . + . . 
Epimeric nitriles 


Hydrolysis 
. . . . . 
Epimeric aldobionie acids 


| Lactonization 
. . ¥ 
Epimeric lactones 
| 


| NaHe, 


. . * 
Epimeriec sugars 


| Crystallization 


Unreduced epimerie acids 


¥ 
Gentiobiose-1-C™ 6-O-8-p-Glucosyl-p-mannose 


(sirup) 


3. Experimental Procedure 


3.1. Preparation of Calcium Gentiobionate |{§ 


A solution of 26.6 g of gentiobiose in 750 ml of 
ice-cold water was stirred with 15 g of calcium 
carbonate and 5.0 ml of bromine [8]. After 24 
hours in darkness the excess bromine was removed 
by a stream of air, and the excess calcium carbonate 
separated. To remove the bromide the solution 
was treated first with 15 ¢ of oxalic acid and filtered, 
and then treated with 10 g of silver carbonate. 
After refiltration, the solution was cooled to 0° C, 
passed into a column containing 120 ml of ice-cold 
Amberlite [R-—120H, * and washed throug the resin 
with 500 ml of ice-cold water. The effluent was 
treated with an excess of calcium carbonate, the 
mixture then filtered, and the filtrate concentrated 
under vacuum to give amorphous calcium gentio- 
bionate. 

Pa 


4 Product of Rohm & Haas Co., Phila., 
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3.2. Preparation of 5-O-8-D-Glucosyl-D-Arabinose | mersed in an ice bath, the lactonized material wags Jou 
treated through the side arm of the tube with 2.9 ¢ 
About 20 g of amorphous calcium gentiobionate, | of sodium ac ‘id oxalate and 20 -s of ice-cold water: 


1.045 g of barium acetate monohydrate, and 1.065 vigorous stirring was begun, and 3.5 g of pellets of I 


g of ferrous sulfate heptahydrate were combined 5.1-perecent sodium amalgam was  quic klv added. 
300 ml of water. The mixture was heated to boiling | After 2 hours of vigorous stirring the mixture was 
and then filtered. After the filtrate was cooled to neutralized with sodium hydroxide, treated with 
40° C, 6 ml of 30-percent hydrogen peroxide was | 3 volumes of methanol, and filtered. The filtrate 
added. When the hydrogen peroxide had reacted, | WS concentrated under vacuum to about 15 ml, 
the solution was recooled to 40° C, and a second treated with 6 volumes of methanol, and refiltered 
6-ml portion of hydrogen peroxide was added [9]. It was again concentrated under vacuum, diluted | 
On completion of the second reaction, the solution | 30 ml with water, and passed, ice cold, through a 
was cooled in ice and passed through a tube con- | column containing 60 ml of a mixture of Amberlite 
taining an ice-cold mixture of 100 ml of Amberlite IR-120H and Duolite A-4 at ee temperature. The 
TR-120H and 100 ml of Duolite A-4.5. The mixed | resin was washed with 300 ml of ice-cold water, and 
resin bed was washed with ice-cold water. and the | the total effluent was freeze dried. When the residue 
combined effluent was concentrated under vacuum | Was treated with a few milliliters of methanol, 
to about 100 ml. vielded a small amount of insoluble material, which 
The concentrated solution was introduced onto a | Was removed by filtration. The solutions from the 
column (75%250mm) of Darco G—60 ® and Celite | four reduction mixtures, each of which had_ been 
535 7 (1:1 by weight) [7]. The column was eluted | treated as described above, were combined into two 
in turn with water, 5-percent ethanol, and 10-percent | Parts, and these were concentrated, rhe first part 
ethanol. The fraction eluted with 10-percent eth- | Was treated with 1 g of nonradioactive 8-gentiobiose 


anol contained the glucosyl-arabinose. It was | 8 carrier. <A little water was added to dissolve the | 
concentrated to a 50-ml volume, and the sugar | Mixture, which was then warmed to 55° C, treated od 
concentration was determined by titration with | With absolute ethanol to incipient turbidity, and | ¢é! 
iodine. Portions of this solution were used in the | seeded with 8-gentiobiose [10]. As the erystalliza- tn 
preparation of gentiobiose—1—C". tion proceeded, additional ethanol was added. The lat 
radioactive sugar thus crystallized was added as a sil 
first carrier to the second part of the product ob- 
3.3. Preparation of 8-Gentiobiose-1-C" tained from the reduction. After a similar crystalli- alt 
zation process, and recrystallization, 508 mg of mi 
An ice-cold solution of 4.43 millimoles (mM) of | 8-entiobiose-1-C™ assaying 1.16 we/mg was ob- | 7 
sodium evanide-C™ (5.6 millicuries (me)) and 4.8 | t#ined. In all, 4 carrier crystallizations were run, tw 
mM of sodium hydroxide in 10 ml of water was | 2" the total radioactive gentiobiose obtained in 
combined with 4.85 mM _ of 5-0-8-p-clucosyl-p- | #mounted to 1.36 mc. Based on 5.6 me of radio- Tus 
arabinose and 0.78 g of sodium bicarbonate dissoived | ®*UVe evanide, the radiochemical yield of 6-gentio- mn 
in 15 ml of ice-cold water. The mixture was biose-1-( “was 24.5 percent. - 
stoppered and stored at room temperature. After | , The unreduced acids, which had been separated pr 
sS days, 0. 53 g of sodium carbonate in 25 ml of water from the — by the mixed resins, were recovered . 
was added, and the solution was heated at 90° C | i@ the amount of 1.8 me by treatment of the mixed bie 
under a current of air for 4 hours. The resulting | "Ss!" with 10-percent acetic acid. vee 
product was dissolved in ice-cold water, and the es 
solution was passed through 50 ml of ice-cold 4. References ' 
Amberlite [R-120H. The resin was washed with 
200 ml of ice-cold water, and the combined effluent, (1) H L. hg oe H. S. Isbell, J. Research NBS 50, 138 - 
which assaved 5.11 mec, was freeze dried. The (2) H ig x Be a's Schaffer. J. Am. Chem. Soc. 78. ’ 
residue was dissolved in Methyl Cellosolve (ethylene ‘1887 (1956). , 
glycol monomethyl ether), and the solution was | [3] J. C. Sowden and A. 8. Spriggs, J. Am. Chem. Soc. 76. | al 
cecaiiendl 3 amr ti 3539 (195 SO: 
transferred in approximatels equal portions into 4 4) “Went “sel deut. chem, Ges. 26. 730 (1893 | “ 
glass reduction tubes described previously [1]. [5] N. S. MacDonald and Wm. L. Evans, J. Am. Chem. 
Under a gentle stream of air the solvent was evapo- Soc 64, 2731 1942). . rel 
rated at room temperature. Fresh solvent was [6] O. ~~~ ai Ollendorf, Ber. deut. chem. Ges. 33, 179 nt 
. 7 $3 (19 § 
added to the concentrate, and the evaporation | 7) + Sintetior and D. F. Durec, J. Am. Chem. Soc. % fox 
repeated. After 2 weeks of repeated cycles of 677 (1950). 
dilution (with Methyl Cellosolve) and concentra- | {8} C. 8. Hudson and H. 8. Isbell, J. Am. Chem. Soe. 54, 
tion, the tubes were stored for 1 week in a desiccator 2225 (1929). . We 
over calcium chloride. Then in each of the tubes, [9] R C. Lepr and C. 8, Hudson, J. Am. Chem. Soc. 56, ga 
which were fitted with an efficient stirrer and im- [10] /}~ M. L. Wolfrom. J, Am. Chem. Soe. “ 
( 


75, 3605 (1953). 
° Product of Chemical Process Co., Redwood City, Calif 


6 Product of Atlas Powder Co., New York, N. Y . a on 
? Product of Johns-Manville Co., New York, N. Y, Wasuincron, August 13, 1956. 
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Hydration of Aluminous Cements and Its Relation to the 
Phase Equilibria in the System Lime-Alumina-Water 
Lansing S. Wells* and Elmer T. Carlson 


A study was made of the reaction of water at room temperature on eight aluminous 


cements covering 


a wide range of composition. 


The results are compared with data pre- 


viously obtained from similar tests on the calcium aluminates, and are discussed in the 


light of more recent studies of the system CaOQ-Al,O;-H,0O. 
the aluminous cements give rise to metastable monocalcium aluminate solutions 


aluminates, 


Like the less basic calcium 


from which 2CaQO- Al,O;-8H,O and Al,O;-aq are gradually precipitated until the concentration 


has fallen to about 0.19 gram of Al,O; and 0.46 gram of CaO per liter. 


From this point, 


true equilibrium is approached very slowly, the stable solid phases being 3CaQO-Al,O;-6H,O 


and macrocrystalline gibbsite (AlO3-3H,Q). 
microcrystalline form of gibbsite. 
glue’’ of aluminous cements. 


The precipitated Al,O;-aq is shown to be a 
It is suggested that this phase is the principal “‘inorganic 
The process of aging to macrocrystalline gibbsite is accelerated 


by increased temperature, and probably is the chief cause of the decreased strength of 


aluminous cements at higher temperatures. 


1. Introduction 


Aluminous cement, also known as high-alumina 
or calcium aluminate cement, is a type of hydraulic 
cement in which calcium aluminates are the essential 
constituents. In this respect it differs from port- 
land cement, which chiefly of calcium 
silicates, with smaller amounts of aluminous phases. 

The raw materials for the manufacture of 
aluminous cements are limestone and bauxite. The 
most common method of manufacture is by fusion 
in a reverberatory open-hearth furnace. Electric 
furnaces have also been used at a number of plants 
in Europe. Aluminous cement is also produced by 
fusion in a rotary kiln of a type similar to that used 
in the manufacture of portland cement. Although 
sintering processes have been used, the most common 
practice is to heat the mix to fusion. Generally, the 
fused material is run into molds and cooled. The 
pigs of fused cement, after cooling, are crushed, 
sieved, and passed through a magnetic separator to 
remove metallic iron, and then ground in tube or 
ball mills. 

A detailed discussion of the history, manufacture, 
properties, and uses of aluminous cement is given 
by Lea and Desch [1]. 

A relatively recent and important application of 
aluminous cement is in the manufacture of the 
so-called ‘‘refractory castables”’ used in steel furnaces 
and combustion chambers [2]. Mixed with « 
refractory aggregate, the cement acts initially as a 
hydraulic binder. Wuaen subsequently heated to 
high temperatures it reacts with the aggregate to 
form a ceramic bond. 


consists 


used 


The development of the aluminous-cement industry 
was accompanied by a number of laboratory investi- 
gations, both here and abroad, on the chemistry of 
the calcium aluminates and aluminous cements. 
Considerable work in this field was done at the 


* Deceased 


Figures in brackets indicate the literature references at the end of this paper 


Bureau. In 1921, Bates [3] published the results 
of his study of the cementing qualities of the calcium 
aluminates. He showed that the compounds 
CaQ-Al,O,; and 3CaQ-5Al,O; have satisfactory setting 
properties, whereas the two more basic aluminates, 
5CaO-3AlL,0, and 3CaQ-Al,O;, react energetically 
with water and set too rapidly for practical use. 
In 1928, Wells [4] published a paper on the mechanism 
of the reaction of water on the calcium aluminates 
and on a high-alumina cement. In 1930, Bates [5], 
at the meeting of the International Association for 
Testing Materials in Ziirich, reported on the compo- 
sition and properties of aluminous cements from six 
countries. This investigation was conducted jointly 
by the National Bureau of Standards and the Atlas 
Lumnite Cement Co. 

The data on which the present paper is based were 
obtained during the same period, but for various 
reasons have not hitherto been published. In the 
meantime, studies of phase equilibria in the system 
CaQ-Al,O,-H,.O, first at ordinary temperatures [6], 
later at higher temperatures [7], laid the foundation 
for a better interpretation of the earlier data. Other 
investigators in the United States and in other 
countries have contributed greatly to the present 
knowledge of the aluminous cements. A compre- 
hensive review of the work pertaining to the system 
CaQO-Al,O,-H,O was published by Steinour = in 
1951 [8]. The composition of the anhydrous alumi- 
nous cements, and methods for calculating the 
compound composition from analytical data, were 
reported on by Parker [9] at the Third International 
Symposium on the Chemistry of Cement in London 
in 1952. 

The chemistry of aluminous cement is very 
complex, and despite the wealth of excellent data 
on the subject, it cannot yet be said that the setting 
and hardening of this material are completely 
understood. The purpose of this paper is to present 
data relative to the reaction of water on aluminous 
cements, to attempt to interpret these in the light 
of present. knowledge of the system CaQ-Al,O,-H,O 
and the composition of the anhydrous cement, and 
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to make certain deductions as to the reactions The wide variation in composition was accom. 


involved in the setting and subsequent properties | panied by pronounced differences in the appearanes a 
of aluminous cements. of the clinkers. (The term elinker is here applied to th 
the unground product of the furnace, even though C 

2. Aluminous Cements in most cases it had been comple tely fused.) The | " 

7 clinker of cement 3, which had not been fused, was of , 

2.1. Oxide Composition a light-brown color. The absence of FeO clearly a 

The analyses of the eight aluminous cements in- indicates that ag yg was burned under oxidizing | a 
cluded in this study are given in table 1. Six of the conditions. Clinker 1, which had been fused in q | wl 


» . rte S » ’ a " — . i , r vay » . . 
cements are of the same brands as those described | ''®!Y kiln, showed ey i nee of having been quenched 


. mm Le 
bv Bates [5], but of different lots; the analyses there- tl on f . agionctng wes | vate — but | tel 
. seme J - rs - . - . surtace ; or ra 4) . - . a 
fore differ slightly from those given by him. Number ' ers “ d v— ™ iin ” ‘Cli cage ts “y cating | th 
-— 2 . 7 . ‘ ) ¢ ° or . ir yr y i Pra “~~ 
7 is a white aluminous cement, and cannot be con- - = ia aa =s- | "has yo “- : wen U. 
almost black ; ‘ are r te e 
sidered typical, as most aluminous cements are high | * I I. - , 4 ipperen ts) P U een cooled in alt 
in iron. As was pointed out by Bates, there is a vos rhs " - ‘ ‘linke mess Gs tm pone le the stl 
TrOU! i De 7 Te i i i * ‘ 
wider range in composition than would be found in a ose os z : 2 inkers were not avaliable fe th 
similar group of portland cements from various we sl nf “ . listed ; ble 1 al 
countries. This is true even of the CaO and ALOs ) d oo l err = age : Lec " yer a re pro- qu 
° ° ae 1 oo f 1 ty? Z‘ "§ ne hd ar i i I » ¢ art 
content, although the iron oxides and SiQ, show much | ‘ es h bout ’ “~ er early alter | iI advent ne 
_ eke wre ° . . ° > ) ali ! ms ce " ‘Vare arnt a) i , Pe 
greater variability. The ratio of ferric to ferrous | ‘ . “see . om sea — “y , <5 differ an 
> . ° = . °se . . ’ « i a aver al 7 a) . » ar ap «(ff 
Iron varies W idety, reflecting differences in the furnace = — ose Fecenty Feported On Dy wae & ch 
atmosphere during manufacture. Titania, derived or 
from the bauxite, usually is present to the extent 2.2. Compound Composition | fre 
of about 2 percent. Sulfur present as sulfide was not na 
separately determined, but was known to be present Although the aluminous cements may properly be ch 
in some of the cements. Alkalies were not deter- | classified as calcium aluminate cements, nevertheless fer 
mined, but in general, the alkali content of the alumi- | the commercial products are decidedly different jn | im 
nous cements is much lower than that of portland | composition from the simple anhydrous caleium on 
cements. Many aluminous cements show a gain in | aluminates or mixtures thereof. In a discussion of Si\ 
weight on ignition, probably because of oxidation of | the compound composition, it is convenient first to th 
* ferrous iron. consider the aluminous cements in relation to the TI 
_ . , ou 
l ARLI l ( hemical analysis and calculated compound ( omposilion of aluminous cements 
ti 
Cement No l 2 ; 1 5 6 7 s | 
Designation American Italian | Hungar Swedis! Frenct Englist French French th 
N-12-B | IT-1 HN SW-1 F-104 CE-1 CF-3 CF-1 pang 
D> 
. he) 
OXIDE ANALYSIS 
th 
' Soluble rot Soluble by 
nortior . portion ; 
Al 
Insoluble ® 2 i i 2.8 4.1 S.¢ wt 
ym ignitior CGiait (i (ral (ra ( (ra sf 
Cad iw ON x ~ 12.2 11.3 $1.2 6 34 36 12.8 } 
ALO 8. 1 6.4 { 4 a 4 ¢ im] Ht 61.9 7 8 pI 
ij 0) | s Ss 0.9 0.49 5 4 4.2 0 1.4 ‘ 
Fed : r ‘ ) P 7 9 gn : . « if 
Sid) ‘ ( . s ri ~ Co 
Met) Hf 0O.f if 0.1 9 4 
rio 2.( 2.( 4 1.1 2. 8 Prac 1.8 al 
Mr 2 { 0.1 0 ( Tt 0 bs 
etal S as SO t t ; ‘ s 1 2 ’ ut 
POs l'race Trace race Prac race race race Trace th 
Tot 0.8 0.4 ( 10.8 "9 9 9 2 iit 
pe 
CAl ATE CoM { Mil ~ 
In 
CyoAl 12 § r 2% 7 
CsAal 19 18.9 ; ot 
CoF 
( A,F’S ; 1 4 “4 t 
CA is { ) pl 
CA ’ th 
( \ ‘ ~ 
{ A; 27 14 { iis 
{ ~ 2 s 
Fe) ‘ 9 om 
Insoluble 4 1.0 
the 
. * According to Federal Specification for portland cement | 
lrace, less than 0.1 percent 
(4AyMS; 0.5 percent of MgO remains in exce 


+ According to Parker's procedure 
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‘ representa- 
the areas 

AS-CAs. 
have 


system CaQO-Al,QO,-SiO,, 
the other components 
tive of the wer en lie in 
CA-C.S-C,,A;, CA-C AS, and CA-C 
The two tg pate ar CA and CA,, 
excellent cementitious properties, whereas C ‘A, sets 
rapidly and has poor cementitious properties. The 
silicate CS is verv slow in developing strength, 
whereas C,AS (gehlenite) is practically inert. As 
Lea and Desch [1] have pointed out, anv change that 
the content of C,AS in a cement at 
S and CA, or of C,.A; in place of 


ignoring for 
Compositions * 


tends to increase 
the expense of C 


CA, or of the silicate compounds in place of the 
aluminates, may be expected to be detrimental to 
strength. They were careful, however, to point oui 
that this argument could not be pursued further, as 
at that time there were no data available on the 
quaternary system CaQ-Al,O,-SiO,-Fe,O; in the 


neighborhood of aluminous-cement compositions, 
and that predictions could not be made as to how 
changes in composition will affect the manner and 
order in which the various compounds crystallize 
from the melt. They also pointed out that the 
nature of the compounds formed will be affected by 
changes in the proportion of the iron present in the 
ferrous and ferric Because of the 
importance of the effect of ferrous and ferric oxide 
on the composition of aluminous cements, an exten- 
sive investigation on this subject was undertaken at 
the Building Research Station of Great Britain. 
The results of these studies !9] have greatly increased 
our knowledge of these cements. 


conditions. 


Prior to that investigation, considerable informa- 
tion bad been obtained by earlier investigators on 
the mineralogical content of commercial aluminous 


eements and comparable laboratory preparations. 
Extensive reports on the subject were given by 
Sundius [10] and Tavasci [11] at the Svmposium on 


the Chemistry of Cements in Stockbolm in 1938 and 
by Parker [9] at the Svmposium in London in 1952 
Amone the constituents identified by the earlier 


workers were CA; CLAS (geblenite); glass seen in thin 
section (sometimes almost black and nontransparent, 
but in other clinkers lighter in color, often with a 
dark opaque constituent dispersed with it)sa brown 
constituent thought CAF: and a brownish 
anistropic material showing pleochroism and classi- 
fied as ‘“‘unstable C,A It bas been suggested that 
the dark opaque material in the glass may be mag- 
netite, Fe,O,. Stable C;A,, with the indices raised, 
possibly by solid solution, bas also been reported. 
Solacolu [12] found monocalcium ferrite, CaO-Fe,O,, 
in aluminous cements poorer in CaO, ba absent in 


to be 


others. 

Sundius [10] in particular drew attention to the 
presence of a glass containing wustite (FeO), and to 
the probability that the mineral previously identified 
as unstable C;A, contained FeO, SiO,, and perhaps 


2 In the inte t of brevity, the short-hand designations con ne “ya 1 for 
the rious oxide vill be u i t blv with the con ional formulas 
in tl paper: ¢ CaO, A=AbOsn, S=SiOe, | FeoOs, | Feo. M=Mge0O, 
P=TiOo, and H=H20. 
r mpounds earlier de ted CsA d CAs are now generally believed 
» be CyAr and CAs, respect lhe newer formulas will be used in this 
per x pt in reference to earlier Work 


TiO,, as well as CaO and Al,O,. He also suggested 
the probable presence of FeO and Fe,O,; in any 


gehlenite mineral that occurred. In addition, he 
identified the presence of perovskite (CaO-TiO,), a 
ferrite, and iron sulfide, FeS. Sundius pointed out 
that when dicalcium silicate is present in cement 
clinker it generally forms ill-defined grains easily 
overlooked and recognizable chiefly through their 
high refraction and rather high double refraction. 

Tavasci [11], by means of microscopic examination 
of polished surfaces by reflected light, obtained 
results in substantial agreement with the findings of 
Sundius except in the identification of the ferrites. 
He suspected the presence of more acidic alumino- 
ferrites than those in the C,AF-C.F series of solid 
solutions. 

The very important investigation recently reported 
by Parker [9] was concerned mainly with: (1) The 
problem of the composition of the mineral known as 
unstable CAs, (2) the composition of the ferrites 
(compounds containing Fe,O,), and (3) a method of 
calculating the compound composition of aluminous 
cements. 


a. Unstable 5CaO-3Al,O; 


One of the minerals commonly occurring in alu- 
minous cements has been tentatively identified 
heretofore as the unstable 5CaO-3Al,0O; reported by 
Rankin and Wright [13] in the system CaOQ-Al,O. 


Parker showed that the cement constituent is 
more complex, probably having the composition 
6CaQ-4Al,0,-FeO-SiO,, with some MgO replacing 


FeO. He bas proposed the following list of assem- 
blages containing FeO that might pertain to alumi- 
nous cement: 


CA-C,A,F’’S-C,,A;-C.8 
CA-C,AyF’’S-C,8-C,AS 
CA-CsAyF’’S-C,,A;-FeO 
CyA,F’’S-C,,A7-C,S-FeO 


CA-CyAyF’’S-C,A8-FeO. 


Those containing FeO as a separate phase would give 
a theoretical basis for Sundius’ observations on the 


presence of glasses containing inclusions of wustite. 


b. Ferrites 


As pointed out by Parker, knowledge of the phase 
equilibria of the ferrites in aluminous cement is still 
incomplete. In a study of the area CaO-C,AF-CA, 
MecMurdie [14] found that the aluminates, C,;A, Cy.- 
A;, and CA, take up to 2.5 percent of Fe,Q,; into 
solid solution. Swayze [15] showed that the solid- 
solution series between C.F and a hypothetical C,A 
extends as far as C,A.F in the C,A-direction. From 
these and other earlier data, together with data from 
his own investigations, Parker concluded that mixes 
in the aluminous cement region may crystallize in 
one of the following assemblages: 


C,.A-(ss) and CA(ss) 

CA(ss), Cy,A7(ss), and CsA2.F 

CA(ss) and a solid solution on the line CgA,F-C,F 

CA(ss). CF(ss). and a solid solution on the line CgA,F-C,F. 








Parker also stated that evidence from the exami- 
nation of microscopic sections shows that the com- 
position of the ferrite can proceed as far as a point 
corresponding to C,AF,, although the equilibrium in 
this case is not in the system CaQ-Al,O;-Fe,O, but 
on aluminous-cement compositions having additional 
oxides. 

Parker applied a technique of microreflectivity 
measurements on polished thin sections and found 
indications that cements whose aluminate constitu- 
ents are solely unstable C;Ag,, or the latter with stable 
C,.A;, are in equilibrium with the ferrite C,A,F; ce- 
ments containing unstable C;A, with a little CA are 
in equilibrium with a solid solution lying between 
C,A,F and C,AF; and those containing mainly CA 
with a ferrite solution between C,AF and C,AF,. 
Parker pointed out the need for further detailed 
study within the system CaQ-Al,O,-Fe,O,; and a 
series of studies of the equilibrium of the four com- 
ponent system CaQ-Al,O,-Fe,O;-FeO. 


c. Calculation of Compound Composition 


Parker [9] devised methods for calculating the 
compound composition of aluminous cements from 
the oxide analysis, making use of the information 
derived from the phase and mineralogical studies de- 
scribed in the previous sections. For a number of 
reasons, discussed in Parker’s paper, the solutions 
are only approximate. 

The compound compositions of the eight alumi- 
nous cements listed in table 1 are given in the lower 
part of the table. The methods of Parker were fol- 
lowed, with certain unavoidable departures. Par- 
ker’s procedure requires a separate analysis of the 
residue left undissolved after a specified acid treat- 
ment. Most of the samples of the cements listed in 
table 1 had been discarded before Parker’s report ap- 
peared, hence it was necessary to base the compound 
computation on the total analysis. Cements 4 and 
6 were still available; they were therefore reanalyzed, 
and the calculations were based on the analysis of 
the soluble portion. Further modifications were re- 
quired in the case of cement 7 because its composition 
is outside the range in which Parker’s methods apply. 

Granting that at best the calculations give only 
approximate solutions, nevertheless, the tabulations 
given in table 1 show that the compound composi- 
tions of the different cements vary markedly from 
one another. Parker likewise showed for the eight 
cements on which he reported, that there was wide 
variation in the calculated compound compositions. 


3. Mechanism of the Reaction of Water With 
Aluminous Cements 


3.1. General Procedure 


The procedure followed was to shake the an- 
hydrous cement with distilled water in the propor- 
tion of 50 g of solid to 1 liter of water for a given time 
and then to filter the mixture rapidly through a 
Buchner funnel. Samples of these filtrates were 
taken at once for chemical analyses and for pH 
determinations. The filtered solutions were then 


set aside in well-stoppered flasks for further obserya- 
tions. Part of the lime and alumina precipitated 
from the clear solutions, on standing, in changing 
from an unstable condition to one more nearly 
approaching equilibrium. At a later date the re. 
sulting mixtures were filtered. Samples of these 
filtrates were also taken for chemical analyses and for 
pH determinations. The precipitates were washed 
with alcohol and ether and dried in a desiccator con. 
taining anhydrous calcium chloride. The dried 
material was examined with a petrographic miecro- 
scope, and in many instances was analyzed chem- 
ically for lime, alumina, and water (loss on ignition), 
In all cases the molar ratio CaO/Al,O, in the precipi- 
tate was calculated from the difference between the 
composition of the unstable solution before and after 
precipitation. 

In general, this is the procedure followed in the 
earlier study of the reaction of water on calcium 
aluminates and a high-alumina cement [4]. In that 
investigation the mixtures that precipitated from the 
clear unstable aluminate solutions were allowed to 
stand for 2 weeks before filtering. In the present 
study they were kept for 4 to 5 months to approach 
more nearly a steady state. 


3.2. Reaction With Anhydrous Calcium Aluminates 


The mechanism of the reaction of water with the 
anhydrous calcium aluminates was the subject of an 
earlier paper [4]. The pertinent findings are sum- 
marized here to facilitate comparison with the data 
newly presented. Figure 1 shows the compositions 
of solutions resulting from the action of water on 
three anhydrous aluminate compositions: CA, CAs, 
and C;A;. (The older formulas are retained here, 
because they represent the actual proportions of the 
oxides present.) The figures adjacent to the plotted 
points indicate the time of contact between liquid 
and solid phases. Tricaleitum aluminate, CA, is not 
included because its reaction is too rapid to be fol- 
lowed in this way. 

Despite the range in CaQ/Al,O; ratio, all three 
aluminates reacted in much the same manner. The 
solutions approximated the composition of mono- 
calcium aluminate, but were slightly more basic. 
The concentration reached a maximum in about 30 
min (2 hr in the case of C.A,), then decreased as 
solid phases separated out. The fall in concentra- 
tion became very rapid between 5 and 6 hr for CA, 
and between 2 and 3 hr for the other two aluminates. 
This fall was accompanied by a rise in pH. The 
period of rapid precipitation ended when the con- 


centration was approximately 0.5 g of CaO and 0.6 g 
of Al,O, per liter (point A in fig. 1). From. this 
point the precipitation was very slow, and_ the 


curve AB becomes almost vertical (that is, the CaO 
concentration remained practically constant 
Al,O, is removed from solution). The average con- 
centration at B is 0.46 g of CaO and 0.16 g Al,O, per 
liter. The pH continued to rise during the latter 
stage, and became 11.7 to 11.8 when B was reached. 

When the clear filtrates obtained at the earlier 
periods were allowed to stand, precipitation started 


as 
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A’B. 

Chemical analysis of the material precipitated in 
the approach from an unstable condition to one more 
nearly approximating a steady state (B, fig. 1) 
indicated a molar ratio of CaO/AI,O, less than 1.0. 
Microscopic examination showed that the samples 
were composed almost wholly of two phases: 

A. A erystalline phase in flat, hexagonal plates 
with the refractive indices of the better developed 
crystals as follows: w=1.535 +0.004, e«=1.515 
+ 0.005; optical character uniaxial negative. There 
were spherulites consisting of radiating aggregates of 
these crystals. The refractive indices were some- 
what variable. At the time, this was believed to be 
a hexagonal tricalcium aluminate hydrate, but later 
work [6] has shown that it was more probably dical- 
cium aluminate hydrate 

B. Amorphous material, apparently colloidal ag- 
gregates, often in spheroidal form in irregular 
clumps, also in thin flakes, as if broken away from 
the containing vessel. Often this film of material 
was imbedded in and partially covered the clusters 
of hexagonal plates described under A. This indi- 
cates that the films were formed subsequent to the 


and followed the same path along 


spherulites of the hydrated calcium aluminate. It 
was difficult to obtain the refractive index of the 
amorphous material. The average index was about 
1.48, but in some instances it was somewhat higher 

in a few cases nearly 1.55. Often the refractive 
index of the outside of the pellets and flakes was 
greater than that of the inside portion. The amor- 
phous material is believed to be hydrated alumina. 

There were, in addition to the above, minor 
quantities of two other phases: 

C. Isotropic, isometric crystals with an index of 
refraction very close to 1.605. Later investigations 
have shown that this was C,AH,. This phase was 
found in only a few of the precipitates, and then in 
small amounts. 

D. Calcite. This occurred in aggregates of very 
minute crystals seldom exceeding 5 yw in greatest 
dimension. It occurred in very small amounts, and 
not in all samples. The small quantity of calcite 
found in the precipitated material undoubtedly 
resulted from slow carbonation after the mixtures 
were filtered, as no carbonate was found directly 
upon filtering. 

From these experiments it would appear that the 
reactions between weter and monocalcium alumi- 
nate, as well as the 5:3 calcium aluminate and the 
3:5 calcium aluminate, are in part related to the 
precipitation of hydrated alumina and a crystalline 
hydrated calcium aluminate (probably 2¢ ‘aQ-Al,O;-- 
8H,O) from metastable and supersaturated mono- 
calcium aluminate solutions. 

Other investigators have verified these conclusions 
and added to our knowledge of the mechanism. 
Assarsson [16] showed that the various calcium 
aluminates dissolve in water at first without hydroly- 
sis, so that the ratio of CaO to AI,O, in solution is 
the same as that in the original material. How- 
ever, the composition of the solution soon changes 
because pure calcium aluminate solution can contain 
lime and alumina only in a ratio about 1-1:1. In 
the case of en CA, the original C/A ratio in 
solution is 1:1, but this increases slightly as hydrated 
Al,O, is se bt <i by hydrolysis, and the concentra- 
tion continues to increase in the C/A ratio about 1:1. 
The same is true of anhydrous C;A;, except that the 
Al,O, separating is correspondingly greater. With 
CA, the same process occurs, except that here the 
hydrate 2CaO-Al,O,-8H,O is formed simultaneously 
with a smaller amount of hydrated Al,O;, and the 
maximum concentration attained is not so high. 
This is reflected in the more rapid set and the lower 
strength of C,;A, pastes as compared with the less 
basic aluminates. 

The observation of Assarsson about the initial 
solubility of the calcium aluminates was confirmed 
by Forsen [17] and Hedin [18] by shaking small 
amounts (0.2 g) of the calcium aluminates in a large 


‘ 


excess (1 liter) of water at 20° C. 


3.3. Reactions With Aluminous Cements 
Data relating to the composition and pH of 
solutions obtained from the eight aluminous cements 
in table 2. The data in the columns 


are given 
’ refer to the clear filtrates immediately 


designated “A 
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after removal of the cement residue by filtration 
Data in columns designated “‘B’’ apply to the same 
filtrates after they had stood for 4 to 5 months. The 
term ‘at equilibrium” is here used for brevity, but 
a true equilibrium does not actually exist at this 
stage. It is rather a prolonged metastable or steady 
state, the significance of which will be discussed 
later. 

From the data of columns 3 and 5 it is seen that 
the reaction of water on all of the aluminous cements 
progressed fairly rapidly. The quantity of both 
alumina and lime dissolved by the water attained a 
maximum in 2 to 6 hr and then gradually decreased. 
Further shaking of the mixture resulted in a rapid 
decrease for the white cement (No. 7) after the 
maximum at 4 hr, and a more gradual decrease for 
the other seven cements. In all cases the decrease, 
in turn, became slower as time progressed. 

It is interesting to observe (column 7) that the 
eight cements, which differed considerably in oxide 
composition and markedly in calculated compound 
composition (table 1), reacted with water in the early 
periods to form calcium aluminate solutions with a 
molar ratio, CaOQ/Al,O,, of approximately 1. Except 
for experiments 6 to 8, inclusive, for cement 7, the 
average molar ratio of the other 65 solutions was 
1.15, with a range 1.06 to 1.29, for periods up to and 
including 12 hr. The lime in solution in excess of 
CaO-Al,O;, as grams of CaO per liter, (column 9) 
averaged 0.1175, and the pH of these solutions 
(column 11) averaged 11.25. At the later periods, 
the molar ratio, CaO/Al,Osg, in solution had increased, 
with a simultaneous increase in pH to 11.6 to 11.7, 
even though the actual quantities of both alumina 
and lime in solution had decreased. It should be 
noted (columns 9 and 11) that the increase in pH is 
accompanied by a corresponding increase in lime in 
solution over that calculated to be in combination 
with the alumina as monocalcium aluminate. <A 
more detailed discussion of this relation will be 
presented later. 

Turning now to a consideration of the determined 
and calculated data of columns B of table 2 in com- 
parison with those of columns A of the same table, 
it can be seen that changes identical with those 
described above also took place in the metastable 
solutions that had been filtered from the reaction 
mixtures and subsequently had approached a more 
steady state on standing. Part of the alumina and 
lime had precipitated from the clear metastable 
filtrates, leaving “equilibrium” solutions similar in 
composition to those obtained when the aluminous 
cements had been left in contact with water from 7 
to 28 days. The molar ratio of lime to alumina in- 
creased as the metastable solutions approached 
equilibrium on standing, as can be noted from a 
comparison of the values of column 7 with those of 
column 8. This was accompanied by an increase in 
pH to about 11.75, a value slightly greater than that 
obtained for the solutions filtered from the reaction 
_mixtures at the later periods up to 28 days. 

From columns 4 and 6, table 2 (again excluding 
experiments 6 to & for cement 7) the average con- 


centration of the calcium aluminate solutions at the 
steady state” is 0.19 g of Al,O; and 0.46 ¢g of Cag 
per liter, which is very close to the composition of 
point B (fig. 1) obtained with the pure aluminates 
The average molar ratio, CaO/Al,O;, in the precip- 
itate (column 13 in table 2) was 0.66. 

In figure 2 the quantities of alumina and lime 
> and 5 of 


“ee 


dissolved in water (recorded in columns 3 
table 2) and the pH of the solutions (column 1}) 
are plotted against the time of contact of the cement 
with water up to 24 hr. The similarity of the pat- 
tern of reaction of these cements, differing widely jn 
composition, is worthy of note. 

In figure 3 the concentration of alumina in solu- 
tion at the different time periods (column 3, table 2 
is plotted against the concentration of lime in solu- 
tion (column 5, table 2). In this figure, as in 
figure 1, the data adjacent to the plotted points 
indicate the time of shaking before filtering. The 
closed circles indicate that the concentration of the 
solution at the time of filtering was increasing, and 


the open circles that it was decreasing. The crosses 
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represent the compositions of solutions after attain- 
ment of a steady state (columns 4 and 6 of table 2). 
Note the marked similarity of paths of the reaction 
for the eight aluminous cements, and their close 
resemblance to the composite path of the three 
anhydrous calcium aluminates, shown in figure 1. 

The precipitates, for which the C/A ratios are 
given in column 13 of table 2, were examined micro- 
scopically. They were similar to the precipitates 
separated from the solutions obtained on shaking 
the pure aluminates with water, but with minor 
differences as noted below. The precipitates were 
composed almost wholly of two phases (A and B) 
with minor amounts of three others. <A description 
follows: 

(A) Flat, hexagonal plates, often spherulites; 
uniaxial, negative; w=1.52 to 1.53. The individual 
erystals were extremely small, especially when precip- 
itated from the more concentrated solutions. When 
oriented edgewise they appeared like short needles. 
This phase is believed to be 2CaO-Al,O,-8H,0. 

(B) Amorphous material, apparently colloidal 
aggregates often in spheroidal form in irregular 
lumps. These round isotropic pellets were often 
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hexagonal plates, the finer sized pellets precipitated 
from the more concentrated solutions. The spherules 
occurred as individuals or as linked groups. The 
index of refraction could not be determined because 
of the presence of a thin shell with higher index 
than the interior. The index of the shell was about 
1.570 +0.003. This value was somewhat higher 
than that of the shell of the pellets formed from the 
aluminate solutions when anhydrous calcium alu- 
minates were the starting materials. The higher 
index of refraction of the shell may be associated 
with the time of aging of the precipitated material. 
It may be recalled that the solutions had stood 4 to 5 
months, as compared with 2 to 3 weeks for those 
obtained from the pure aluminates. The index of 
the shell is close to that of gibbsite (Al,O,-3H,O; 
mean index 1.573); the latter, however, is_bire- 
fringent. 

The amorphous material also occurred in thin 
flakes, especially in material that had precipitated 
slowly (passing approximately from A to B in fig. 1). 
Like the pellets, the flakes had a thin shell of higher 
index of refraction, at times as high as 1.57 but 
generally lower. The film often covered the pellets 
and the hexagonal plates (phase A), indicating that 
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Composition of solutions resulting from the reaction of water on aluminous cements, 


time in minutes, hours, or days 








Both the film and the 
form of hydrated 


it had formed subsequently. 
pellets are believed to be a 
alumina. 

(C) Calcite. This occurred in very small amounts 
and only in a few of the samples. 

(D) Isometric erystals of 3CaQ-Al,O,-6H,O, index 
very close to 1.605. This phase was found in small 
amounts in about half the precipitates. It occurred 
more frequently than in the precipitates from the 
solutions obtained with the anhydrous aluminates. 
This may be associated with the longer period of 
aging. The isometric crystals were found in the 
precipitates formed from metastable solutions of 
various concentrations. Some of the better devel- 
oped crystals, however, were formed from the more 
dilute solutions and often occurred on the flakes of 
hvdrated alumina. This may indicate that they 
were formed subsequent to the flakes. Figure 4 
shows some of these crystals on flakes of hydrated 
alumina. It also shows the characteristic pellets of 
hvdrated alumina as well as some well-developed 
hexagonal plates. 

(E) Caleium sulfo-aluminate, 3CaQ-AlLO,-3Cas0O,.- 
32H,O. This occurred as long birefringent needles 
(w= 1.465;e— 1.458) in only three samples from 
solutions obtained with the Hungarian cement HN-—1. 
It was an abundant phase in the precipitate from 
the solution obtained by shaking this cement with 
water for 15 min. It was not nearly as abundant 
in the 30-min preparation, still less abundant in the 
l-hr preparation, and absent in the 2-hr preparation 


and all preparations thereafter. It should be re- 


called that this cement was burned under oxidizing 


The 


condition. total sulfur as SO, was 0.94 per- 


* 





%. 
FiGuRE 4 Photomic rograph showing isometric 3CaO-ALO 
6H.O embedded in flakes of h jdrated alumina, also pellets 
of hydrated alumina and a few crystals of 2CaO-Al,O.-SH.O 
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cent (table 1), and there was no evidence of the 
presence of any sulfide sulfur. 

To summarize, it appears that the reactions be- 
tween water and the aluminous cements, as in the 
case of the anhydrous calcium aluminates, are jy 
part related to the precipitation of hydrated aluming 
and a crystalline hydrated calcium aluminate (prob- 
ably 2CaQ-Al.O;-8H,O) from metastable and super- 
saturated monocalcium aluminate solutions. 


3.4. Nature of the Calcium Aluminate Solutions 


In an earlier paper [4] it was shown that the 
alumina exists in solution as the calcium salt of 
monobasic aluminic acid, and that the quantity of 
CaO in excess of this salt (that is, as caleitum hvdrox- 
ide) determines the pH. The data in columns 9 to 
12 of table 2 support this conclusion. Referring to 
figure 1, the pH values of solutions along the line A’ A 
range from about 11.1 to 11.4. Although the total 
CaO in solution decreases slightly from A to B, the 
pH rises to 11.7 to 11.8 at B, owing to the increase 
in CaO in excess of monocalcium aluminate. 

A detailed discussion of the hvdrolvsis and ioniza- 
tion of the calcium aluminate in solution was given 
in the earlier paper |4|. As reported therein, the 
degree of hydrolysis, h, of the aluminate in solution 
was calculated from the equation 


h 5 hy | 
] h Kk { 


in which (, is the concentration, in moles per liter 
of the dissolved Ca( Alt ), » (or C'al ALO ’ Kw is the 
ionization constant of water, A, is the tonization 
constant of HAIO,, and Ay is the hydrolysis con- 
stant of Ca(AlO,),. This equation is approximate 
because of the assumption that the degree of toniza- 
tion of the base, Ca(OH ),, is the same as that of the 
unhvdrolyzed  Ca(AlO,). The value Ay=1 

10-* was adopted as the approximate average of 
values reported in the literature. The value of h 
has now been recalculated on the basis that Ay 

1 10 as reported by Slade [19 Taking as a 
specific example cement | at 2 hr, the point of maxi- 
mum concentration (see table 2 and basing the 
calculations on the concentration of ALO, as equiva- 


Ky, 


lent to the monocalcium aluminate in solution, 
h?(0.02014) 10 10 
( 
l—h 10 
Krom this equation, his calculated to be 0O.060S: 
that is, the percentage of hvdrolvsis is 6.8. This 


means that 0.02014 * 0.068=0.001370 mole, or 
0.002740 equivalent, of Ca(OH), results from the 
initial hydrolysis of monocalcium aluminate. To 
express this quantity of Ca(OH), in terms of pH it 
know its degree of ionization into 
in the presence of the unhydrolyzed 
monocalcium aluminate. While the degree of 
ionization is not known, other calculations, 
based on pH measurements, have indicated that the 
calcium hydroxide behaves as though it were about 
60 percent ionized in the the above 
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quantity of monocalcium aluminate. Accordingly, 
with an assumed ionization of 60 percent, the pH of 
the hydrolyzed calcium aluminate solution has been 
calculated as follows: 


_ (OH-) 


} | 
og ; 
Ix107" 


pu “ETH | 


log (0.002740 0.6)+ log 10" 


log (0.001644)4- 14 


(7.216—10)+ 14=11.22. 

Similar calculations for the other seven cements at 
the point of maximum solubility give pH values 
ranging from 11.20 to 11.25. The spread in corre- 
sponding observed values for the eight cements is 
11.08 to 11.39, with an average of 11.20. In general, 
the agreement is fair for all the solutions obtained 
on reaction periods up to 10 or 12 hr. 

The pH values obtained in corresponding experi- 
ments with the anhydrous calcium aluminates aver- 
aged 11.24, again illustrating the close relation be- 
tween these and the aluminous cements in respect to 
their reactions with water. 

It should be pointed out that one of the products of 
the hydrolysis of a monocalcium aluminate solution 
is hydrated alumina which is only sparingly soluble 
under the conditions of the experiments. This leaves 
a slight excess of calcium hydroxide which tends to 
prevent further hydrolysis. The net result is that 
the molar proportion of lime to alumina remaining 
in solution is always slightly in excess of 1 to 1. 

From the foregoing it is apparent that the alumi- 
nous cements, like the anhydrous calcium aluminates, 
react with water to form solutions of monocalecium 
aluminate. These undergo partial hydrolysis, form- 
ing hvdrated alumina and leaving a slight excess of 
Ca(OH), in solution. The solutions also are metasta- 
ble with respect to crystalline caleium aluminate 
hydrates. The one that precipitates first, under the 
conditions of these experiments, is the C,A-hydrate. 
The process decreases the amount of excess Ca(OH), 
in solution, thus favoring further precipitation of 
hvdrated alumina, until a steady state eventually 
is attained. The molar ratio, CaQ/AI,O,, in the 
precipitates obtained in this study (table 2, column 
This is approximately equivalent to 
moles of hvdrated Al,Os. 


13) was 0.66. 
1 mole of C A-hvdrate to 2 


4. Equilibria in the System CaQ-Al.O;-H.O 


The hydrated calcium aluminates have been the 
subject of many investigations and the data have 
been assembled on numerous occasions. Wells, 
Clarke, and MeMurdie [6] in their study of the 
system CaQ-Al,O,-H,O assembled much of the data 
on these compounds \ore recently the present 
knowledge of this subject has been ably summarized 
by Steinour [8]. Consequently, it will be necessary 
to take up at this time only the factors that have a 
bearing on the problem at hand. It should be stated, 


however, that the situation in regard to the com- 


pounds containing alumina is complicated by marked 
similarities in the crystalline structures and optical 
properties of various calcium aluminate hydrates. 
Also, the calcium aluminate hydrates and other 
more complex aluminates tend to form in states 
which though mestastable are nevertheless highly 
persistent. 


4.1. Calcium Aluminate Hydrates 


Among the numerous compositions that have 
been reported for the various calcium aluminate 
hydrates, the following appear best established: 

6CaO 
jC aQ.- 


Al,O,-33H,O 
Al,O;-34H,O 
4CaO.Al.O,-12—-14H,O 
3CaO. Al.O,-18—-21H,O 
3CaO.-Al,O;-10-12H,0 
3CaO-Al,O,-6H,O 
2C-a0-Al,Os-7-9H,O 
CaO-Al,O,-10H.0. 


The variable water-content probably reflects 
differences in the mode of drying of the preparations. 
Lower hydrates have been reported, resulting from 
more vigorous drying. 

The first, second, and fourth members of this list, 
so far as known, have not been prepared in the 
absence of substances extraneous to the system 
CaQ-Al,O;-H,O. In any case they probably are not 
pertinent to the present subject, and will not be 
further discussed here. 

With the exception of 3CaQ-Al,0;-6H,O, which 
belongs to the cubie system, all the various calcium 
aluminate hydrates crystallize with hexagonal or 
lower symmetry. Whether a particular crystalline 
species actually is hexagonal or of lower symmetry 
seems less important than the fact that all these 
compounds are apparently structurally related. 
Consequently, it will be convenient to refer to the 
hexagonal-appearing crystals simply as “hexagonal.” 

It has frequently been pointed out that the hex- 
agonal aluminates are difficult to diffentiate under 
the microscope, because the refractive indices vary 
more with the degree of drying than between the 
various species. Also there may be intergrowths of 
two species. X-ray diffraction patterns have been 
more helpful, but even here some confusion exists, 
because the patterns are closely related. Neverthe- 
less, it is possible to identify both the C,A-hydrate 
and the CA-hydrate by their low-angle reflections. 

The compound CaQ-Al,O;-10H,O was reported by 
Assarsson [20] over 20 years ago, but its importance 
appears to have been overlooked by other investi- 
gators until recently. A possible reason for this 
oversight is the fact that the most distinctive line 
on the X-ray pattern of the CA-hydrate occurs at 
about 3° 6, which is below the working range of 
earlier X-ray diffraction equipment. Longuet [21] 
in a discussion of a paper at the London Symposium 
on the Chemistry of Cement, reported the prepara- 
tion of a CA-hydrate for which he indicated the most 
probable formula to be CaO-Al,O3-7H,O. The X-ray 
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pattern reported was identical with one earlier given 
by Brocard [22], who then regarded it, however, as 
possibly representing a new C,A-hydrate. Patterns 
in good agreement with those reported by Longuet 
and Brocard have been recently obtained at the 
Bureau on hydrated pastes of monocalcium aluminate 
and on aluminous cements. The pattern given 
by Assarsson [16] for his CAH, is similar to 
obtained at the Bureau on a preparation believed to 
be a mixture of C,A- and CA-hydrates, the main 
difference being the absence of the 3 line from 
Assarsson’s pattern. This suggests the possibility 
that the CA-hydrates of Assarsson, Brocard, and 
Longuet are the same species, and that the prepara- 


one 


tion used by Assarsson for his X-ray pattern may 
have contained some C,A-hydrate. 
The — three hexagonal compounds, the C,A-, 


C,A-, and A- hydrates, have been discussed by 
numerous heat Arve Present-day knowledge 
and theories concerning these hydrates have been 


reviewed by Steinour [8]. 


4.2. Hydrated Alumina (Al,O;-aq) 


defined material, the properties of which vary Widely 
with mode of preparation and subsequent treatme nt. 
The work described below refers to an intermediate 
stage, not as well defined as macrocrystalline gibbsite. 
yet sufficiently stable to permit tracing a metastable 
solubility curve in the equilibrium diagram. X-ray 
diffraction patterns indicate the gradual transfor. 
mation of amorphous hydrated alumina to gibbsite. 
The intermediate form therefore will be referred to 
as microcrystalline gibbsite, or Al,O;-aq. It appears 
to have an important bearing on the behavior of 
the cementitious aluminates. 

In this study the approach to metastable equilib- 
rium was from supersaturation. Calcium aluminate 
solutions were prepared at 21°C as described above. 
filtered, analyzed, and diluted with measured 
amounts of distilled water to furnish a series of solu- 
tions of decreasing concentration. From the 
concentrated solutions a separation of solid phases 
occurred fairly rapidly at first, and then more 
slowly, the solutions gradually approached a 
steady state. As the initial concentration of the 
diluted solutions decreased, the rate of precipitation 


more 


as 


decreased. Dilute monocalcium aluminate — solu- 
It has been previously shown [6, 7] that gibbsite, | tions having less than 0.15 g of CaO per liter re- 
Al,O,-3H,O is the stable form of hydrated alumina | mained clear for months and showed but little 
in the system CaQ-Al,O,-H,O over a considerable | tendency to liberate hydrated alumina as a solid 
range in temperature, and its equilibrium curves at | phase. 
oa e meee - o- ‘“s . ‘ate . =e 
various temperatures have been established. On the Table 3 gives the solubility relations pertaining 
other hand, amorphous hydrated alumina is an ill- | to the Al,O,-aq_ precipitated, together with the 
TABLE 3 Solubility relations pertaining to microcrystalline hydrated alumina, AlLO aq, as ascertained from a siate of super- 
saturation at a constant temperature of 21° C', together with the refractive indices of the products thus formed 
Composition of initia Dime Composition of re Composition of preci, | Indice 
solutions to aj olutior material refractior 
Exper proach 
ment meta M M. | Boia I rk 
Molar stable NI i she it uy ne Hey 
ALO CaO ratio, equilit ALO CaO ratio — : ratio AL wol 
CaQ0/AhO rium CaQ/ ALO ‘ WO} 8 BV , 10) Alo H20 v 
calculated inalysis inaly 
, 9 ; ' ‘ % ) W 1] » 13 14 
liter g/liter Days g lit 
0. 3751 0. 2180 1. 06 201 0.14 0. 200 2 AS 07 Oo] su l j AlOy-aq pelle tr 
on $( O-ALDO 
OHO 
2 4220 2490 1.07 300 1570 2310 12 54 1. 50 Al,O:-a9 as pelk ' 
(at ©) 
; $741 Tt 1. 100 ou? 23 j uv Is 3 l $34 l ALO } a pellet 
hexa il 
{ “re JUst 1. OS Hl 12y 27H 14 ] 4) 1 ; ALO “] pellet t 1 
ly; also flake 
278 s7 1s 1. 0S 404 1130 ‘| 14 2 Pa $53 1. 48 | i+ AhO;-aq as pellets, few 
hexagonal plate 
‘ 7 $408 1. OS $00 13a 2 $22 12 17 iv l 1 l ; AlOy-aq as pellets, witl 
few flakes, tr leit 
344 1420 23 i 31 14 4l,07aq as well-formed 
on - . let 
— ah LW } 14 1310 S071 4. 2 $t 1. 50 Do 
11, OR] Ws 2466 4.92 5 1. 485 Do 
| 4 40) $4 } 22 1. 47 ALO q is pellets most 
ly with few flakes 
. 402 3921 Lu 514 1200 14 i . 14 A1;05-aq as pellets wit! 
| flak« eT n 
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indices of refraction of the products thus formed. 
Column 9 gives the molar ratio, CaO/Al 20s, calcu- 
lated from the data of columns 2 and 3 in conjunction 
with those of columns 6 and 7 Claes 10 gives 
this same ratio obtained by direct analysis of the 
precipitate 1d material, and column 11 gives the molar 
ratio, H,O/Al1,0,, obtained by direct analysis. 
The data are arranged in order of increasing quantity 
of lime in solution after precipitation (column 7). 
When there were several time periods (preparations 
7,8, and 9), the arrangement pertains to the earliest 
rec corded time period. 

In figure 5, the compositions of the original solu- 
tions are indicated by closed circles, and 
show the compositions of the solutions after precip- 
itation of a portion of the alumina as a solid phase. 
The figures accompanying the lines connecting the 
original and subsequent compositions give the 
calculated molar ratios, CaQO/Al.O;, in the materials 
precipitated. The connecting lines do not neces- 
sarily reveal the actual course of precipitation. 

For the most part the precipitated material 
consisted of small pellets or spherulites of hydrated 
alumina with occasional flakes of the same material. 
The indices of refraction of the hydrated alumina 
when first formed, although variable, averaged about 
1.50, and later increased as the hydrated alumina 
aged. As in the work described earlier, the refrac- 
tive index of the surface of both pellets and flakes 
increased more rapidly than that of the interior. 
Consequently, it was rather difficult to determine 
the indices accurately. However, the refractive 
index of the outside shell increased to as much as 
1.56, and that of the interior was definitely less. 

The gradual increase in refractive index is in line 
with results given in previous papers [4,6]. Assarsson 
[23] reported similar findings, and, on the basis of 
X-ray analysis, came to the conclusion that gibbsite 
was the final product of the aging, even though his 
samples of hydrated alumina contained between 
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system CaQ-AlO.-H.O at 21° C 


for gibbsite, Al,O,3H,O. The water he 
ascribed to adsorption. 

X-ray diffraction patterns of samples of aged 
hydrated alumina were found in a former investiga- 
tion [6], as well as in the present study, to contain 
the lines characteristic of gibbsite. The intensity 
of the lines increased as the hydrated alumina aged. 
It was noted also that the molar ratios, H,O/AI,O,, 
were in many instances between 3 and 4 (see table 3, 
column 11). 

These studies show 


extra 


that the hydrated alumina 


that is formed is converted to gibbsite on aging. 
The conversion is, however, very slow at room 
temperatures. The product designated Al,O,;-aq 


thus appears to be essentially gibbsite but with a 
microcrystalline structure. As such its solubility 
would be expected to be greater than that of macro- 
crystalline gibbsite. 

A few hexagonal crystals were also observed in 
some of the precipitates, also a little C,AH, in one 
precipitate and traces of calcite in two others. The 
presence of these lime-bearing materials contributed 
to raising the molar ratio, CaO/Al,O;, in the precip- 
itates. In several instances (notably, from prepara- 
tions 7, 8, and 9) the hexagonal plates that appeared 
at first, later disappeared or decreased in amount as 
separation of hydrated alumina progressed. 

In figure 5 a line is drawn from U to B through 
the points indicated by crosses and extended from 
U to an undetermined point P. The values from 
preparations 1 and 2 show concentrations of alumina 
in solution somewhat above PUB, but, as mentioned 
previously, the precipitation of hydrated alumina 
from the more dilute calcium aluminate solutions 
was very slow. Below a concentration of 0.15 g of 
CaO per liter the approach was so slow that the sec- 
tion of the curve UP could not be determined satis- 
factorily. For preparations 7, 8, and 9 the crosses 
represent the compositions of the solutions at 344, 
394, and 205 days, respectively. At the later time 
periods (not shown in fig. 5), the precipitation 
curves changed direction and approached U in the 
general direction from B to U. The location of the 
invariant point B from many determinations has 
already been discussed. 


4.3. The System CaQO-Al,O;-H,O at 21° C 


(‘omprehensive equilibrium studies in the system 
(CaQ-Al,O,-H,O have been attempted only relatively 
recently. The work in this field has been reviewed 
by Bessey [24] and by Steinour [8]. The former also 
reported the results of extensive investigations by 
Lea and Bessey in which attempts were made to 
reach equilibrium by various methods of approach. 
Although the results did not permit a thorough 
analysis of the metastable relationships, they gave a 
general picture in substantial agreement with a more 
detailed report made subsequently by Wells, Clarke, 
and MeMurdie [6}. 

Recently, D’Ans and Eick [25] have published the 
results of their studies of the phase equilibrium 
relations in the system CaO-Al,O;-H,O. They made 
sufficient measurements to verify in the main those 
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set forth by Wells, Clarke, and MeMurdie 


three preparations of hydrated alumina. 
data, however, it is doubtful if they attained even 
what might be termed ‘‘metastable equilibrium.” 

Figure 6 is a diagram of the system C'aQ-AIl,O,-H,O 
at 21°C (Wells, Clarke, and MeMurdie) [6], supple- 
mented by the solubility curve for Al,O,-aq taken 
from figure 5. The solubility curves in regions of 
stable equilibria are represented by heavy solid lines. 
Upward extensions beyond the junction of these are 
shown by dashed lines because they represent meta- 
stable conditions. The only solid phases that have 
regions of true solubility are macrocrystalline gibbsite 
(AL,O,-3H.O) from H to F, isometric 3CaQO- Al,O,-6H,O 
from F to V, and Ca(OH), from V to C. Thus, F is 
a stable invariant point (0.33 g of CaO and 0.02 g of 
Al,O, per liter) between Al,O;-3H,O and 3Ca0O- Al,O,- 
6H.O, and V between 3CaQO.Al,O,-6H.0 and Ca(OH ).. 
The solubility of macrocrystalline Ca(OH), in pure 
water is represented by C as 1.15 g of CaO per liter. 
Consequently, from E to F, 3CaQ-Al,O,-6H,O is 
metastable in respect to gibbsite, and conversely 
from F to J, gibbsite is metastable in respect to 
3CaQO.- Al,O,-6H.0. 

The heavy dashed line ABD is a metastable solu- 
bilitv curve for the “hexagonal” crystalline products 
of varied CaQO:Al,O, ratio. At first thought, the 
change in the molar ratio of 2C'aQ:Al,O, (at A) to 
1C'aO:Al,O, (at D) along a smooth solubility curve, 
with no apparent intervening invariant points, sug- 


ALUMINA IN SOLUTION, grams Alo0z per liter 


In their 
diagram they added three other solubility curves for 
From their 


gests a continuous solid solution series. However 
X-ray studies indicate that the hexagonal hydrated 
aluminates along the curve ABD are more likely 
intergrown mixtures of the crystals of flat hexagonal 
plates represented by the end members. To account 
for the intergrown mixtures of crystals along ABD 
the curves QRS and TRV were drawn to indicate 
approximately the probable true metastable equi- 
libria for 2CaQO-Al,Os-SH,O and 4CaO-Al.O,-13H.0 
However, it is more convenient to refer to the over. 
lapping curve ABD as the metastable equilibrium 
curve of the hexagonal hydrated aluminates. 

The curve PUB, taken from figure 5, represents 
the solubility of the form of hydrated alumina herein 
termed microcrystalline gibbsite, or Al,Os-aq. It js 
metastable with respect to macrocrystalline gibbsite. 
Al,O3-3H,O, the solubility of which is represented 
by the curve HFJ. B is a metastable invariant 
point between Al,O,-aq and hexagonal hydrated 
aluminate, presumably 2CaO- Al,O,-8H.O. The other 
metastable invariant is U, which occurs at the inter- 
section of PUB with EF, the metastable portion of 
the curve EFV for 3CaQ-Al,O,-6H.O. It oceurs at 
a higher concentration of alumina in solution than 
does F, the stable invariant point. 

The solubility relationships of the CA-hydrate, so 
far as is known, have not vet been investigated, 
For the present the reasonable assumption will be 
made that the approximate curve ABD will apply 
to the CA-hydrate as well as to the other hexagonal 
hvdrates. 
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5. Reaction of Water With Calcium Alumi- 
nates and Aluminous Cements in Rela- 
tion to the Phase Equilibrium Diagram 


The region where the setting and hardening of 
calcium aluminates and aluminous cements occurs is 
shown in figures 1 and 3. In figure 7 this region is 
represented by the crosshatched area superimposed 
upon the phase equilibrium diagram CaQ-Al,0,-H,0. 

It should be noted that the superimposed area is 
long and narrow, and that from A’ to A it closely 
parallels the CaO-Al,O, composition line. From A 
to B it curves, following more or less the curved 
section AB of the curve ABD, which pertains to the 
metastable hexagonal hydrated calcium aluminates. 
In general, the area lies to the right of the curve 
ABD. The solutions within this area contain more 
than 0.4 g of CaO per liter. 

The high degree of supersaturation attained by the 
calcium aluminate solutions during the early stages 
of the reaction of water with anhydrous calcium 
aluminates and aluminous cements is evident. 

Le Chatelier [26] postulated that the setting of 
cementitious materials involves the formation of 
solutions approximately saturated with respect to 
the anhydrous phase, but supersaturated with respect 
to the less soluble hydrated phase or phases. The 
subsequent precipitation of the hydrated phases is, 
therefore, an important factor attending the processes 
of setting and hardening. In the case of the caletum 
aluminates and aluminous cements, the approach to 


ALUMINA IN SOLUTION, groms Al,0, per liter 





LIME IN SOLUTION, groms CoO per liter 


Figure 7. Region of setting of aluminous cements in relation 
to the phase equilibrium diagram of the system CaQ-A],0;- 
H.O at 21° C. 
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final equilbrium is stepwise; first, a fairly rapid 
approach to a metastable state (B) followed, second, 
by a slower change to a stable state (F). Thus, the 
initial changes in respect to the lime and alumina 
take place in the area indicated by A’AB, figure 7, 
while the later changes occur within the area UFJB. 

It should be recalled that Ca(OH), occurs as a 
solid phase in the system CaQ-Al,O,-H,O at 21° C 
in the vicinity of C, figure 7 (1.15 g of CaO per 
liter). From the diagram it can be seen that the 
products formed in the setting and hardening of the 
cementitious aluminates are at concentrations of 
lime far more dilute than this. Consequently, 
Ca(OH), is not formed as a solid phase from the 
calcium aluminates or calcium aluminate cements. 
In contrast, Ca(OH), is formed as a solid phase in 
the hydration of portland cement. 

The hydrated-alumina phase has been discussed 
above. There remain to be considered the hexagonal 
hydrated aluminates. Most of the early investi- 
gators in this field concluded that the hexagonal 
plates they observed were a C;A-hydrate. Later 
work by Lafuma [27], Assarsson [16], Dubuisson [28], 
and others has afforded ample evidence that, in the 
area under consideration, the hexagonal phase 
precipitated is a C,A-hydrate. Support for this 
conclusion may be drawn from the data of Wells, 
Clarke, and McMurdie [6] from which the curve 
ABD was constructed. 

In general, the C/A molar ratio in the precipitate 
increased from 2 to 4 as the CaO remaining in solu- 
tion increased. There were no extensive sections 
along the curve ABD, where the CA ratio of the solid 
phases was exactly 2.0, 3.0, or 4.0, such as would 
characterize a series of separate and distinct solu- 
bility curves of a hydrated dicalcium, tricalcium, or 
tetracalcium aluminate. It is significant, however, 
that all of the initial solutions having molar ratios, 
CaQO/Al,Os, less than 2 gave rise to precipitates having 
molar ratios that approximated 2. Initial solutions 
having molar ratios greater than 2.1 produced pre- 
cipitates having molar ratios less than the respective 
original solutions. Those initial solutions whose 
compositions were either on or very close to the 
3CaQO-Al,0, composition line yielded solid phases 
whose molar ratios, CaO/Al,O,, were much less than 
3 (ranging from 2.20 to 2.32). 

Steinour [8] plotted the C/A ratio for the solid 
phases against distance along curve ABD, using the 
data obtained by Wells, Clarke, and McMurdie. A 
similar graph, based on the same data, is shown in 
figure 8, where the C/A ratio of the precipitate is 
plotted against the lime or alumina in solution. The 
curve shows the abruptness of the transition between 
solids having the approximate compositions 2CaQ. 
Al,O;-aq and 4CaQ-Al,O;-aq. It may be noted that 
when the C/A ratio in the solid phase more nearly 
approaches 2.0 the concentration of both the lime 
and alumina ranges from about 0.4 to 0.5 g per liter. 
This is in the region of A in figure 6. 

The curve fails to give any evidence of the existence 
of a distinct hexagonal C,;A-hydrate. This is in 
accord with the conclusion drawn from the X-ray 
evidence [6]. 


349 








ME OR ALUMINA IN SOLUTION, grams CaO or Ai,0, per liter 


Figure &. Molar ratio of CaO to Al,O, in the solid phases as 
a function of composition of the solution in the system CaO- 


Al,O;-H,O at 21° C. 


On the basis of the foregoing it appears that the 
hexagonal phase precipitating in the area A’AB, 
figure 7, is the C,A-hydrate. From various lines of 
evidence this conclusion may be considered well 
established, insofar as it pertains to aluminous 
cements treated with a relatively large volume of 
water at room temperature. On the other hand, 
there is evidence that another hexagonal phase, the 
CA-hydrate, may be formed during the hydration of 


aluminous-cement pastes. This is considered further | 


in the following section. 


6. Effect of Temperature on the Hydration 
of Calcium Aluminates and Aluminous 
Cements 


6.1. Theoretical Considerations 


Up to this point the mechanism of the reaction of 
water on calcium aluminates and the region where the 
reactions occur have been discussed primarily in 
relation to the system CaQ-Al,O,-H,O at 21° C. 
The effect of temperature on hydrated calcium 
aluminates and calcium aluminate cements involves 
not only consideration of shifts in the solubility 
curves but also changes that may occur in the 
hydrated phases. 

It is well known that if aluminous cements are 
hydrated at elevated temperatures (in excess of 35° 
C) or are subsequently exposed to such temperatures 
the strength of the concrete is affected adversely, 
especially if the concrete is kept moist. It has been 
suggested by Lea [29, 30] and others that the fall in 
strength may be caused by formation of cubic 3CaO. 
Al,O,-6H,O. In an investigation of the mechanism 
of the fall in strength of set high-alumina cement at 
temperatures above normal, Lea also showed that a 
similar fall in strength occurs with monocalcium 
aluminate. This was ascribed to a transformation of 
the metastable less-basic hydrated aluminates into 
the stable tricalcium aluminate hexahydrate. 

The above hypothesis is in agreement with the 
conclusions drawn by Wells, Clarke, and MceMurdie 
(6] from their study of the system CaQO-Al,O,-H,O. 
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In that investigation it was shown that the hexagonal 
hydrates initially formed are metastable with respeet 
to C,; AH,, but that the transformation to the stable 
form is extremely slow at 21° C. Lea [30] discussed 
the likelihood of the formation of a monocalcium 
aluminate gel at lower temperatures, followed by the 
conversion to 2CaQ-Al,0O3-8H,O and hydrated aly. 
mina at ordinary temperatures and the ultimate 
transition of C,AH, to C,AH, at higher temperatures, 
The diagram CaQ-Al,O;-H,O has not been worked 
out at temperatures below 21° C. 

Peppler and Wells [7] recently made a study of 
the system CaQ-Al,O,;-H,O at temperatures ranging 
from 50° to 250° C. They found the hexagonal 
hydrates to be increasingly unstable at the higher 
temperatures. At 90° C, C,;AH, began to form 
within the first hour. At 120° C and higher, the 
hexagonal hydrates were completely supplanted by 
C,AH,. ; 

The evidence clearly indicates that the hexagonal 
C,A-hydrate is converted to the more stable C,AH, 
at a rate that increases rapidly with temperature. 
Thus, there are ample grounds to support the belief 
that the transformation of the metastable hexagonal 
C,AH, to the stable isometric C,;AH, is a factor of 
moment in explaining the retrogression in strength 
of hydrated calcium aluminates and hydrated alumi- 
nous cements as the temperature is raised. 

Nevertheless, another very important factor that 
seems not to have been considered is the transforma- 
tion of gelatinous hydrated alumina, Al,O;-aq into 
macrocrystalline gibbsite, Al,O,-3H,O, with a result- 
ant loss in its binding properties. 

It has long been proposed that the cementing 
properties of portland cements are inseparably allied 
to the binding power of colloidal or gelatinous hy- 
drated calcium silicates formed during the process 
of setting and hardening. In an analogous manner, 
it is here suggested that the setting and hardening 
of calcium aluminates and aluminous cements 
brought about to a considerable extent by the forma- 
tion of colloidal or gelatinous hydrated alumina, 
which may be the principai “‘inorganic glue.” Any 
factor that would alter the inherent characteristics 
of such a gel-like material should in turn be reflected 
in a change in the properties of the hydrated alumi- 
nates or cements 

For example, it is known that the temperature of 
formation, and the temperature at which hydrated 
alumina gels are maintained, greatly affect the prop- 
erties of the gels. Furthermore, if the temperature 
is sufficiently high, gels may not be formed, but in- 
stead a macrocrystalline product. Thus, in the famil- 
iar Bayer process for the extraction of alumina from 
bauxite, it is recognized that if the extraction with 
sodium hydroxide is done at elevated temperatures to 
produce supersaturated sodium aluminate solutions, 
and if the solutions thus produced are kept hot, the 
hydrated alumina will subsequently precipitate as 
well-developed crystals of gibbsite, Al,O -3H,0. 
Such crystals can be filtered and washed. On the 
other hand, if the supersaturated solutions are not 
kept hot, then a more gelatinous hydrated alumina 
is formed. 
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The same principle applies to the calcium alumi- 
nates. The latter, however, being much less soluble, 
do not produce the high alkalinity necessary for 
rapid conversion to macrocrystalline gibbsite. . 

It was shown previously that, in the reaction 
hetween water and aluminous cement at 21° C, a 
metastable solution is formed having approximately 
the composition indicated by point B in figure 7. 
The concentration at this point is 0.19 g of AI,O, 
and 0.46 g¢ of CaO per liter. The pH is about 11.75, 
representing a concentrat ion of Ca(OH), (in excess 
of the monocalcium aluminate in solution) equivalent 
to 0.35 g of CaO per liter. At point F it is slightly 


lower. The concentration at saturation is 1.15 g per 
liter. Thus the aging of the hydrated alumina, at 


21° C, takes place in a Ca(OH), solution only about 
one-third saturated. 

At higher temperatures the concentration of CaO 
at the invariant point remains about the same. 
Thus, Peppler and Wells [7] found that at 50° and 
120° the CaO concentration at the invariant point 
was about 0.3 g per liter. Because there is essentially 
no change in alkalinity as the temperature is raised, 
the increased rate of change from gelatinous AI,Q,- 
aq to macrocrystalline gibbsite must be ascribed to 
a direct effect of increased temperature on the hy- 
drated alumina. 


6.2. Experiments With Cement Pastes Cured at 
Various Temperatures 


To gain some information as to the nature of the 
hydration products formed at different temperatures, 
a few experiments were conducted on hardened 
cement pastes. Three cements were used: Nos. 4 
and 6 (table 1) and an aluminous cement of recent 
manufacture, designated No. 9. The latter was of 
the same brand as No. 1 (table 1) but differed con- 
siderably from it in composition. 

The cement was mixed with water in the ratio 
w/e=0.38, and portions of the paste were placed in 
glass vials and stored under water for 7 days at four 
different temperatures: 24 50°, and 80° C, 
The specimens then were dried, and surface areas 
were determined, 

X-ray powder diffraction patterns of the hardened 
pastes were also made. Samples used for this pur- 
pose were dried only superficially. By comparison 
of the patterns with those of the anhydrous cements, 
it was concluded that much of the cement remained 
unhydrated after the curing period. The patterns 
for the anhydrous cements were rather complex, but 
in both Nos. 4 and 6 there was a series of lines agree- 
ing fairly well with the published patterns for gehlen- 
ite, C,AS. These lines persisted in the hydrated 
pastes, as would be expected from the known inert- 
ness of gehlenite. A few other lines were tentatively 
ascribed to CaQ-Al,O,; these disappeared after hy- 
dration. By reference to table 1 it may be noted 
that neither of these cements was expected to contain 
gehlenite. Thus considerable doubt is cast on the 
validity of the calculated compositions. This is not 
necessarily a reflection on the method of calculation; 
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TARLE 4. Surface areas (by Nz absorption) of aluminous- 
cement pastes cured 7 days at various temperatures 


Curing Surface | Crystalline phases indicated 
Cement | temper- area by X-ray patterns! 
ature 
c m-/@ 
24 82.1 CA-hyd.; CoA-hyd. (tr); 
| rir 
4 ‘ 35 27.7 r; y; CoA-hyd.,; z. 
“) 27.5 ry; 
SO 20.9 C3AHe?; 2 
| 24 C8. 0 CA-hyd.; r(tr), 
@ 35 33. 1 C»A-hyd.; CsA He?; 2; y; 2 
} 50 35.3 C3AHe6?; r; y; 2. 
{ SO 28. 8 C,AHe?; 2 
| 24 95. 6 C A-hyd.; CoA-hyd. (tr). 
9 aA 16.9 CyoA-hyd.; y | 
KO 26.8 C3AHe6?; y; 2. | 
| 80 16.9 Cs3Atie?: 2. | 


A hexagonal calcium aluminate hydrate of unknown composition; widest 
d-spacing about 7.7A. y: An unknown compound, possibly a hexagonal calcium 
iluminate hydrate; widest d-spacing about 12.5 A. 2: An unknown compound 
(possibly gibbsite) represented by a single line at 4.85 A. 

2 Slight shift in lines indicates that the C;A He contains a small amount of SiOs 
in solid solution. 


more likely it indicates that the separation of the 
insoluble residue, a necessary preliminary step, is 
very sensitive to small variations in procedure. 

Irrespective of assumptions as to the composition 
of the anhydrous cement, the lines due to the phases 
formed on hydration in most cases could be dis- 
tinguished when the patterns were compared. There 
were, of course, some ambiguities resulting from 
coincident or overlapping reflections, but these were 
infrequent at the low-angle end of the pattern. By 
comparison of the entire series of patterns, no less 
than six distinct sets (or partial sets) of lines could 
be distinguished, representing the phases listed in 
the last column of table 4. These will be considered 
separately. 

(1) Lines of the cubic C,AH, were readily dis- 
cerned in the patterns of all three cements cured at 
80°, in two cured at 50°, and in one cured at 35° 
(trace only). In most cases the lines were displaced 
slightly toward higher angles, presumably by the 
presence of SiO, in solid solution, and in a few in- 
stances there was evidence of a double hydrogarnet 
pattern. The significance of these displacements has 
been discussed in a recent paper [31]. 

(2) The C,A-hydrate could be identified by the 
lines at approximately 10.6 and 5.3 A, representing 
its widest d-spacings. It occurred in all three pastes 
cured at 35°, and as traces in two cured at 24°. 

(3) The phase designated CA-hydrate was identi- 
fied by the lines at about 14.6 and 7.3 A, in agreement 
with the pattern given by Longuet [21]. It was the 
predominant phase in all three cements cured at 24°, 
but was not present at higher temperatures. 

(4) The phase designated z gives a pattern identi- 
cal with some recently obtained in this laboratory 
for a precipitated calcium aluminate hydrate of un- 
certain composition. It is similar to the pattern of 
C,A-hydrate, but the d-spacings of the first two lines 
are distinctly smaller (about 7.7 and 3.85 A) than 
those reported by McMurdie [6] for the C,A-hydrate. 
It may tentatively be considered a less-basic calcium 
aluminate hydrate. It was observed in the hydrated 








pastes of cements 4 and 6 at the three lower tempera- | composition, as calculated by the method of Parker 


and in two cases was the predominant phase. 
The pattern of phase y was relatively weak, 
and was defined only by lines at about 12.5 and 6.25 


tures, 


A. It is thus similar to the patterns of the known 
hexagonal aluminates (and phase x) in having two 
low-angle reflections, the second at one-half the 
d-spacing of the first. Phase y was observed in all 


three pastes cured at 35° and 50 

(6) Presence of a phase designated 2 was inferred 
from the occurrence of a single line at about 4.85 A 
in the patterns of all the pastes cured at 50° and 80°, 
and (in smaller amounts) in two cured at 35°. Al- 
though this is insufficient for the purpose of identifi- 
cation, it should be noted that the position is that 
of the predominant line of gibbsite. Reflections cor- 
responding to the less prominent lines of gibbsite 
were also observed, but they either were very weak 
or occurred in positions where they might reasonably 
be attributed to some other phase. Thus the evi- 
dence for identifying phase z with gibbsite remains 
inconclusive. 

The X-ray data may now be summarized as fol- 
lows: (a) Some unhydrated cement constituents re 
main after 7 days curing, the amount decreasing as 
the curing temperature is increased. (b) CA-hydrate 
is formed at 24°. (c) At intermediate temperatures, 
C,A-hydrate and two other phases, at least one of 
which is a hydrated calcium aluminate, are formed. 
(d) At higher temperatures, C,;AH,, probably con- 
taining a little SiQ,, is formed; also an unknown 
phase that may be gibbsite. (e) The three cements 
are essentially similar in behavior although minor 
differences exist. 

Surface areas of the hardened pastes were deter- 
mined by nitrogen absorption, using a procedure 
described by Emmett [82].4. The samples were first 
crushed and vacuum dried for a week at room tem- 
perature. The surface areas found are given in 
table 5. In comparing the data it should be borne 
in mind that none of the pastes were completely 
hydrated, and that the degree of hydration increased 
with temperature. Hence, in the absence of other 
effects, an increase in surface area with temperature 
would have been expected. There instead, a 
sharp decrease, most of which occurs between 24° 
and > C. The correlation between high surface 
area and the predominance of CA-hydrate in the 
set cement is readily apparent. Aside from this, the 
relations are too complex to warrant any definite 
conclusions. The data fail to show any marked de- 
crease in surface area attending the formation of the 
cubic C,;AH,. <As to the suggested role of the aging 
of Al,O,-aq, the data provide no definite information. 


Is, 


7. Summary 


A study was made of the reaction of water at room 
temperature on eight aluminous cements of different 
compositions. The results were compared with data 
previously obtained from similar tests on the calcium 
aluminates. Despite the wide variation in compound 
area determinations were made by C. M. Huntand V. Dantzler 
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the cements were rem: arkably similar in their reae tion 
with water. Like the three calcium aluminates less 
basic than 3CaQ-Al,O,, the aluminous cements 
produced supersaturated calcium aluminate solutions 
in Which the molar ratio of CaO to Al,O, was slight} 


greater than 1 to 1. The metastable solutions 
originating from the pure calcium aluminates, de. 
creased in concentration rather rapidly as solid 
phases precipitated out, until a ‘“‘steadyv state’ wag 


reached at a concentration of approximately 0.16 
g of ALO, and 0.46 g of CaO per liter. Solutions 
from the aluminous cements similarly reached ap 
average concentration of 0.19 g of ALO, and 0.46 g 
of CaO per liter. In both cases the precipitate con. 
sisted chiefly of a hexagonal calcium aluminate 
hydrate, 2CaQ-Al,O,-8H,O, and an apparently 
amorphous form of hydrated alumina designated 
Al,O;-aq. Small amounts of the isometric hydrate. 
3CaQO.-Al,O,-6H,O, were also found in some instances 
The precipits ation process Ww as accompanied by an 
increase in PH from about 11.25 to about 11.7, even 
though the total CaO in siaiee was decreasing 
This is in agreement with the results given in ap 
earlier paper, in which it was shown that the alum- 
ina exists in solution as monocalcium aluminate and 


that only the CaO in excess of that combined as 
monocalcium aluminate is effective in raising the 
pH. 


Calculations based on the assumption that mono- 
basic aluminic acid has an ionization constant of 
10-" lead to a theoretical value of about 11.25 for 
the pH of the hydrolyzed calcium aluminate solution, 
which is in agreement with the average of the ob- 
served values for the solutions obtained in the early 
stages of the reaction of water on the calcium alum- 
inates and aluminous cements. 

The phase equilibrium diagram for the system 
CaQ-Al.O.-H,O at 21° C indicates three stable 
phases: gibbsite (Al,O,-3H,O), 3CaO-Al,O,-6H,O, and 
Ca(OH),. The invariant point between gibbsite and 


3CaO-Al,O,-6H,O is placed at 0.33 g of Cad 
and 0.02 g of Al,O,; per liter. Metastable solu- 
bility curves are included for 2CaQ-Al,O,-8H,0, 
4CaO-Al,O,-13H,O, and a microcrystalline form of 


hydrated alumina designated Al,O;-aq. This form 
of alumina separates from the supersaturated solu- 
tions as flakes and minute pellets containing 3 to 4 
moles of H,O per mole of Al,O,. The index of refrae- 
tion, originally about 1.50, slowly increases to as high 
as 1.56, the increase being more rapid at the surface 
than in the interior of the particles. This study, 
coupled with the results of X-ray examination bj 
other investigators, leads to the conclusion that the 
Al,O;-aq is gibbsite in microcrystalline form. Be- 
cause of its extreme fineness it has a higher solubility 
than macrocry stalline gibbsite. 

The hvdration of the less basic calcium aluminates 
and the aluminous cements occurs in that part of the 
system CaQ-Al,O,-H,O in which 2CaQ-Al,O,-8H,0 
and Al,O;-aq are precipitated. Both are capable of 
being transformed to more stable phases; the former 
3CaO-Al,0,-6H,O plus alumina, the 
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Axial Performance of Spectacle Lenses 


Francis E. Washer 


The measured values of the axial meridional powers for 311 spectacle lenses are reported 


The spherical refractive powers range from 
of 0.00, 1.00, and 2.00 diopters. 
shown 


+- 7.00 to 
The departures of the measured from the nominal values are 
The probable errors of measurement are discussed. 
suggested and the degree of compliance with these suggested tolerances is shown. 


20.00 diopters with cylindrical powers 


A set of tolerance values is 
Theo- 


retical and experimental justifications for the proposed tolerance range are given. 


1. Introduction 


For a number of vears, there has been evidence of 
a need for a performance standard for spectacle 
lenses. Various organizations have from time to 
time attempted to formulate standards relating to 
the quality and performance of spectacle lenses. 
Many of these standards are quite good, but they 
frequently differ in the magnitude of the suggested 
tolerances, which tends to confuse the user. 

Because of the lack of agreement and incomplete- 
ness that prevailed among existing standards, the 
National Bureau of Standards was asked by the 
Veterans’ Administration to assist in the preparation 
of specifications for use in the purchase of spectacle 
In the course of the work leading to a speci- 
fication based on performance, the axial and marginal 
meridional powers of 311. spectacle were 
measured [1, 2].? 

On account of the evident interest in spectacle-lens 
performance and particularly in the proper magni- 
tude of the tolerances in axial power that may be set 
in future standards, it seems worthwhile to report 
the measured values of the axial powers of these 
Analvsis of these results shows that lenses 
are already being made to quite close tolerances. 
In addition, the values obtained for these lenses can 


lenses. 


lenses 


lenses. 


be used to determine the suitability of any set of 


tolerances of axial power that may be specified. 
2. Selection of Lenses for Measurement 


The selection of a series of spectacle lenses for use 
in preparing a set of tolerances is not a simple matter. 
There are so many varieties, each designed for a 
specific These include single-vision, bifocal, 
and trifocal lenses; also glasses that give best over- 
all performance when used in viewing distant objects 
and those that give best performance when used for 
near Objects. In addition, for a single type there 
are a great number of steps required to cover the 
entire range of powers. For example, for lenses 
having spherical power only, there are 41 possible 
lenses to be considered, if one proceeds from a power 
of 4-20.00 20.00 diopters in 1-diopter steps. 
For each halving of the steps, the number to be con- 
sidered is doubled, so for '4-diopter steps, the total 
number is 161. 


use, 


to 
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If lenses for astigmatic correction are also included, 
the number of different lenses to be considered are 
increased enormously. Because of the impractica- 
bility of measuring the performance of a representa- 
tive number of all available lenses, it was early 
decided to limit the scope of the investigation to 
cover lenses used for distant-vision only. The 
number was further reduced by deciding to measure 
only the type called corrected ophthalmic lenses. 
A corrected ophthalmic lens is an ophthalmic lens 
having the total spherical and cylindrical powers 
divided between the front and rear surfaces in a man- 
ner that minimizes as far as practicable, the differ- 
ences between powers measured at points in the peri- 
pheral region and the optic axis [3]. Lenses of this 
nature are known to the trade as members of a 
“corrected curve’’ series. 

Under this limitation, the range for study was 
accepted as being from +7.00 to —20.00 diopters. 
In order to reduce the number to be studied still 
further to some practicable figure, percentage-of-use 
tables prepared by the Veterans’ Administration 
were studied [4]. A recent version of these per- 
centage-of-use tables is shown in table 1. On the 


TARLE 1. Expected percentage of use for single-vision lenses 
having spherical powers ranging from 20.00 to 20.00 
diopters and cylindrical powers ranging from 0.00 to +-6,00 
diopters 


Based on information contained in Veterans’ Administration specification of 1955. 





Percentage having cylindrical power in the 
range 
Range of spherical power 
0.00 to 0.25 to 2.25 to 3.25 to 4.25 to 
0.00 2.00 3.00 4.00 6.00 
Diopters 
16. 25 to 20. 00 0.03 0.05 0. 0O5 0. 005 0. 02 
12.25to 16.00 35 10 O05 O5 O05 
¥. 25 to 12. 00 1.30 40 O5 02 02 
7.25 to 9. 00 0. 20 10 O5 02 O05 
6. 25 to 7.00 20 0 OO5 O05 OOS 
4.25 to 6. 00 1.40 6. 20 0. 00 0. 08 0. 005 
2.25 to 00 12. 20 6. 30 15 O5 02 
0.00 to 2.00 23. 50 14. 00 25 10 10 
OO to 0.00 0 170 5 10 OS 
00 to 2 00 5.00 14. 20 45 15 On 
2.25 to 41.00 1. 20 2.80 0.45 0. 20 0. 07 } 
1.25 to 6. 00 0.40 1.00 10 10 10 
6. 25 to 00 10 0.15 O5 02 O05 
7.25 to 9. 00 10 10 02 01 Ol 
9, 25 to 20. 00 OF O5 02 02 02 
Total 46.03 0. 50 1.94 0. 045 0.515 
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basis of these studies, the major number of lenses 
were selected having spherical power ranging from 
+7.00 to 6.00 diopters and cylindrical power 
ranging from 0.00 to 2.00. The number selected 
outside this ranve is small but is perhaps sufficient 
to indicate probable performance 

It also seemed desirable to make measurements on 
more than one lens of a given powe1 To achieve 
this end, lenses of identical powers were purchased 
from five different manufacturers power 
combinations were not readily available from each 
of the five, but generally, at least three makers were 
The final total of lenses that were 
measured was 311, comprised of 3 to 5 lenses in each 
of 68 power combinations. 


some 


able to do so. 


3. Nomenclature 


In the early days of spectacle making, spherical 
surfaces only were used. After the existence of 
astigmatism in the eyes of certain people suffering 
from poor vision was established, it was found that 
the combination of spherical and cylindrical surfaces 
on spectacle lenses resulted in improved vision 
particularly in the axial region. Because only 
spherical and cylindrical surfaces were used, the 
custom describing or prescribing such 
lenses in terms of spheres and cylinders 

With the advent of toric surfaces for the correction 
of astigmatism over a wide vista, the practice of 
prescribing spectacles in terms of spheres and cylinders 
might well have been discontinued However, the 
practice still persists and frequently leads to mis- 
understanding given prescription can 
usually be written in wavs. For example, a 
given prescription can be written prescribing a posi- 
tive sphere and with a positive evlinder or as a 
larger positive sphere with a negative evlinder. 
The process of changing the lens prescription from 
form to equivalent form 1s 
transposition. 

When the study that finally led to the preparation 
of a performance specification for the Veterans’ 
Administration was initiated, it soon became evident 
that it was much simpler to describe the performance 


arose of 


because vu 
two 


one another called 


in terms of meridional powers. There are two 
principal meridional powers for an astigmatic lens, 
and the equivalent eviindrical power is given by the 
simple difference of the two principal meridional 
powers. Actually, when using this concept, the 
power of a lens is completely specified by viving the 
values of the two principal meridional powers. The 


advantage of this method is still more evident when 
comparing measured performance in the 
peripheral region with that in the axial region 

In the course of this study of spectacle perform- 


one is 


ance, measurement, analy ses, and reporting of results 
have been done in terms of the meridional powers so 
any However, as 
the terms spherical and eylind) ical powe are In gen- 
- eral use in the prescribing of lenses, a 
the relations connecting meridional powers and the 
usual prescribed powers Is viven below 


as to avoid possible ambiguity 


summary of 
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Vp—One of the principal meridional powers, ]; ¢ 
is given by the sum of the prescribed 
spherical and prescribed cvlindriea| 
power. It is the maximum meridiong| 
power when the prescribed powers ap 
positive. 

Hp» The second principal meridional power, |; 
is usually the the spherical 
power. It is the minimum meridiona| 
power when the prescribed powers ap 
positive. 

(p= Prescribed cylindrical power. It is. the 
difference between the principal merid. 
ional powers and is given by the relation 
Cp=Vp—H, 

Vo Measured value of one of the meridional 
powers al the optical center of the lens 
It is the measured power for vertical 
lines. 

Il, Measured value of the second meridional 
power atl the optical center of the lens 
It is the measured power for horizonal 


same as 


lines In the absence of evlindrical 
power, Vo—=Ho.) 
()— The measured cylindrical power at the op- 


tical center of the lens It Is obtained 
from the relation, C, Vo—H, 


3.1. Additional Relations 
The following formulas are used in computing th 
departures of the measured values from the specified 
values for the axial region. The values V>, /7>,, and 
(’p are derived from the nominal prescribed powers 


AVo=Vo—V 
AHo=Ho—H 
ACo=Co—( 


Figure | is a schematic drawing showing the two 
principal meridians in which measurements are mad 
For convenience, the lens is alwavs so oriented that 
Vo—H,>0, which is equivalent to limiting the study 
Lo lenses han ing zero or posit Ive Cy lindrical powel 
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4. Method of Measurement 


The powers of all lenses were measured on standard 
verteX power-measuring instruments. Instruments 
of this type are actually calibrated to read meridional 
power directly, which provides an additional reason 
for recording and reporting the results of measure- 
ment in terms of meridional power. Before begin- 
ning the actual measurement of the various sample 
lenses, the instruments were calibrated with the aid 
of a series of standard lenses whose powers had been 
carefully determined on a_ visual optical bench. 
These standard lenses were used from time to time 
during the course of the investigation to make certain 
that inaccuracy of the vertex power-measuring 
instruments had developed. In addition, an ex- 
tended st udy of the sources and magnitude of possible 
errors Was made before proceeding with the main part 
of the work. This study is presented in some detail 
in the following section. 


ho 


4.1. Variation in Axial Power for One Observer 


When making a measurement of dioptric power of a 
spectacle lens with vertometer, lensometer, or similar 
measuring instrument, it is usual to first set the zero 
in accordance with the manufacturer’s instructions. 
The lens to be measured is then properly positioned 
in the instrument and a setting for best focus made. 
The measured power is then read directly from the 
calibrated drum. Several sources of variation in the 
reported power are at apparent. First, the 
range through which the target reticle can be moved 
without marked deterioration of the observed image- 
rv is appreciable, so that the observer must attempt 
setting the reticle in a mean position and trust that 
he has gone neither too far nor not far enough. For 
best results, it appears desirable to pass completely 
through the region of good focus, reverse and pass 


once 


back through it, then approach again, stopp ing at 
what is believed to be the optimum position. To 
reduce svstematic errors by a single observer, it is 
preferable that the drum always be rotated in the 
same direction in the app roach to the final setting. 

In order to give an idea of the magnitude of the 


variation possible from this depth of focus effect, 


measurements were made to determine the range of 
setting possible with tolerable focus. The values 
obtained are shown in table 
TARLI 2 | a ation o eadind possible when sell no the d 
( 0 fi 0 stopp na at the hegq~inning of 
\ | 


In making the observations, shown in table 
several lenses were selected at random to cover eet 
central region of the instruments range. It is clear 
that if the observer maintains the same criterion and 
same direction of drum motion, he will get approxi- 
mately the same value for either manner of setting. 
For example, the measured power for the lens with 
nominal power four is given by either 


f.13 0. 10 


4.03 diopters 
or 


4. 03—(0. 01) =4. 04 diopters. 

However, if reversed conditions are used, then the 
measured power may range from 3.93 to 4.14 diopters. 

A second source of variation is the size of the inter- 
val separating individual settings. For example, 
when the smaller scale division is 0.12 diopter, esti- 
mating the reading to the nearest hundredth is rather 
difficult. Perhaps the best that can be expected for 
such an interval is an estimate between one-sixth 
and one-eighth of a scale division or approximately 

().02 diopter. For other regions, the size of a seale 
division is greater, and the error in the estimate is 
proportionately greater. 


4.2. Variations in Axial Power Measurements for 
Three Observers 


Because it was realized that the differences between 
marked and measured powers observed in the course 
of this work might serve as a basis in establishing 
tolerance for purchase specifications of spectacle 
lenses, all possible precautions were taken to insure 
accuracy. Too much reliance, therefore, was not 
placed on the findings of a single observer. There 
exist always possibilities of differences in observa- 
tional criteria among observers that may lead to 
systematic differences in results. There are also 
possibilities of gross errors or mistakes when con- 
sidering the results of a single observer, which are 


usually detected when the measurements are re- 
peated by a second observer because it 1s quite 
unlikely that both will make the same error for the 


same lens. 

In order to determine the probable variations 
among observers, the same lenses were measured on 
the same instrument by three different observers. 
None of the observers was permitted to see the values 
obtained by the others during the experiment. One 
observer completed his work on the entire series 
before the next one started. 

Table 3 shows the values obtained by each of three 
observers, identified as D, G, and B, for a representa- 
tive group of six lenses. The fourth line in each case 
is the average value obtained and is the one accepted 
correct. The symbols Vo, //o, and (Co signify, 
respectively, the measured maximum and minimum 
meridional powers and the met asured cylindrical 
power following the procedure set forth in section 3. 
It is clear that the departure from the average is 


relatively small for each observer. 


as 
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Values of the axial powers for 6 lenses obtained by 
each of 3 observers (D, G, and B) 


TABLE 3. 


The average V alues for the three obse rvers are acce pte d as correct All values are 


expressed in diopters 


| Obs Sph. Cyl Vo Ho Co \Vo AHo AC 
D } | &. 00 6.07 1.93 0.10 0.03 0. OF 
G 7 2 8. O7 6. O7 2 00 03 03 oOo 
B | | 8. 06 6.93 2.03 04 07 03 
| Average 8. 04 6. 96 1.99 On O4 01 
| D { 6.13 102) 2.11 40.13 40.02) 40.11 
| G t 2 6.12 +. 00 2.12 12 Oo 12 
B | 6.12 1.03 2.09 12 03 09 
A verage 6.12 4.02 2.11 12 02 11 
D | | 3. 06 1. Ol 2. O05 0. OF 0.01 0.05 
Gi l 2 3. 07 1. 05 2 02 07 0 02 
RB | | 3. 05 1.00 2.05 O5 oo O45 
A verage 3. 06 1.02 2. 04 On 02 O4 
ID } { 2.09 0. 02 2? O7 0.09 0.02 0. 07 
i 0 2 2.01 ol 2 00 ol ol Oo 
B | 200 00 2.00 00 00 00 
A verage 2.03 ol 2? 02 03 ol 02 
D } { 1.01 0.93 1.04 0.01 0.{ 0.06 
Gi l 2 1. Ol Us 1.09 Ol 02 ol 
B | 1.03 ay 2 02 03 Ol 02 
A verage 1.02 “7 1. OS 02 O03 02 
ID } { 2.01 3.99 1.908 0.01 0.01 0. 02 
(r ‘ 2 2.00 4+. OS 1.08 + OO o2 02 
B | | 2.04 +00 1.06 O4 00 04 
Average 2 02 3.909 1. 07 02 Ol 03 
DD } 480 SY >» OO 0.11 0.11 0. 00 
i 6 2 $01 5. 06 2.05 ov 4 0 
B | |~3. 97 oe 1. OS ( 0 02 
Aver ® 4.92 3 2 Ol OS 0 ol 


Considering both of the above factors and ignor- 
ing, for the present, possible systematic errors arising 
from initial improper adjustment of the instrument 
and from possible errors of calibration, it 
probable that a single observer should be able to 
repeat a given setting within one-fourth of a scale 
division. Two settings are, however, necessary to 
make a single power determination so the probable 
error is increased by a factor of 1.4. The probable 
error of a single determination by a single observer 
may accordingly be estimated as one-third scale 
division. For small dioptric powers, this means that 
the probable error of a single determination is +0.04 
diopter. For higher dioptric powers, where the 
size of a scale division is 0.25 diopter, this error may 
reach +0.07 diopter. In making the measurements 
on the lenses reported herein, the observers custo- 
marily make five complete determinations. The 
spread of the recorded values tend to corroborate the 
above conclusions. The error in the reported values 
of dioptric powers should, of course, be appreciably 
lower, as the error of an average of five determina- 
tions is less than half that of a single 


seems 
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An analysis was made of the results of measure. 
ments on 36 lenses by 3 observers to determine 
possible observer bias or systematic error. The 
results of this analysis are shown in table 4, De. 
partures from the averages were determined for each 
observer for each of the 36 lenses. Ideally the sums 
of the departures from averages should total zero, oy 
the assumption that although different lenses are 
involved, the nature of the measurements is essen. 
tially the same. Actually this sum is not zero, so 
a small observer bias is indicated. The average 
magnitude for each observer is as shown in table 4. 
It is clear that for none of the observers does the 
magnitude of the systematic error exceed +0.0] 
diopter, which is practically negligible, being of the 
order of magnitude of one-tenth seale division, Ip 
addition, the probable error of a single determination 
was computed for each observer and found hot to 
exceed +0.02 diopter. Considering the small mag- 
nitude of the observer bias and the probable error 
of a single determination for each observer, it can 
safely be said that the error of a determination of 
\>, Ho, or Co will generally be less than +0.03 
diopter. 


TARLE }. Systematic errors in Vo. Ho. and Co for 3 observe 


D, G, and B, based on measurements from 36 lenses 


Average departure from the 
f 


iverage oO 
Observer 
1 Hl ( 
Diopters Diopters Diopter 
I) +i O11 Lio 0. 002 
(; Ms (ity ~ O04 
O06 To oo 


To give a clearer view of the agreement among the 
three observers, table 5 shows a frequency distribu- 
tion of the errors. For example, in the determination 
of Va the value obtained by observer DD is identical 
with |, (the average for the three observers) for 14 
percent of the lenses. All of the observers are 
within 0.03 diopter of \, for 80 percent of the 
lenses. It is clear from these tables, that the de- 
terminations of each of the three observers are 
within 0.05 diopter of the accepted average values 
of \,. 1p, and ©, for 90 percent of the lenses and are 
within 0.01 diopter for 50 percent of the lenses. 


The findings shown here in table 5 tend to corroborate 


the belief that a probable error of a complete de- 
termination for a single observer will generally not 


exceed 0.05 diopter 


i- 


easure. TaARLE 5. Frequency distribution of departures from the average PARLE 6. Measured values of the arial meridional powers, Vo 


ermin for each of 3 observers for determinations of Vo, Ho, and Co and Hy, for 72 spectacle lenses having zero cylindrical power 
e d ? - ‘~~ 
Tl on a qi o ip of S6 le ViSES a nd with sphe rical powe rs ranging from T ‘ .OO to 18.00 
le diopters 


De- 


Or es The nominal prescribed spherical powers are listed under “Soh”. The values 
each he de , } y ; . ar 
4 of the deviations from the nominal powers in the principal meridians are listed 
€ Sums under the headings AVo, AHo, and ACo=(A Vo—AHo) 


ero, on All values are expressed in diopters 


Percentage of determinations 


eS are that do not depart from Vo 
essen- | by more than 8Vo for ob- Sph Vo Ho Co AVo AHo ACo 
CTO, so 5Vo server 
Vverage | | 6. 98 6.98 0. 00 —). 02 0. 02 0.00 | 
, D G B 7.00 7.01 7.00 01 +. 01 +. 00 ol | 
able 4. | 7.01 7.01 00 01 01 00 | 
CS the 6. OR 6. 07 7 
Diopters ) ». OF 0.01 0. O8 0. 07 0. 01 
i 0.0] 0.00 14 25 11 6. 07 6. 07 00 07 07 00 
. £0. 01 39 67 56 6. 00 5. 98 5. 96 0? —.02 04 02 
of the 02 61 RQ 72 6. 02 6.05 03 +. 02 +. 05 —. 03 
n. In 03 R3 %7 Ro 6.00 5. 98 +. 02 00 ~. 02 +. 02 
° ‘ u2 v7 v2 
hation an Or 100 100 ». O8 5.05 0.00 0. 05 +0 4 0.00 | 
' 4.99 4.09 00 Ol -.0 00 
q 100 100 100 
10t to - , - 5. 00 5.04 5. 05 ol +. 04 +. 05 ol 
P 4. 97 4. 96 +. 01 03 —.04 +01 | 
mag- B | 5 04 5. 02 (2 L 04 +. 02 02 | 
error 
3. 99 3.99 0. 00 —0. 01 —0.01 0.00 
it can Percentage of determinations " ra : | zs r-- + o - =. 
7 Oo y? 0 + 0 +. ()2 + 
lon of that do not depart from Ho 102 400 02 0? 00 02 
0.03 by more than 45/40 for ob 1.01 4,02 ol ol 02 -, Of 
) ) ver 
H 3.01 3. 02 0.01 0.01 0. 02 0.01 
2. 98 2.99 ol 02 01 ol 
D Qa B 3. 00 3.01 3.01 + OO + O1 +. 01 +. 00 
3.09 3. 09 oO OY ov oOo 
. O1 3.01 00 Ol Ol OO 
Di my = “ 7 2.02 2.01 0.01 0.02 0.01 0.01 
on Of - rs Ro 2.03 2.04 01 03 04 01 
pe on 20 B4 2 OO 1.99 1.99 + OO Ol Ol +. O00 
os -~_ ug Pies 1. 97 1. 97 00 03 03 Oo 
na ~ 100 on { 2.02 1.99 03 +. 02 01 03 
Os ; lOO 1 
on “4 an 100 0.99 0.99 0. 00 0.01 0. 01 0.00 
; 1. 01 1.01 Oo +. 01 +. 01 Oo 
1.00 1.01 1. 00 Ol 01 00 Ol 
Cc 1.00 10? 02 00 02 v2 
M 0.99 1. 00 Ol Ol 00 Ol 
. let any eee 0. 01 0.01 0. 00 +0. 01 0.01 0. 00 
. = Se ew - , Ol ol + 00 ol 01 00 
hat do not depert from ¢ 0. 00 +. O1 + 0) ol +. Ol +. 00 +. 01 
I more than .d¢ for ot Ol 00 Ol Ol oo ol 
, | 00 00 00 00 00 oo 
0.99 0.99 0. 00 0. 01 0. 01 0. 00 
; ‘ | 6 O68 OO O4 04 Oo 
, B Loo 1.01 1. 02 Ol 01 02 ol 
r the 1.00 1.00 00 +. 00 +. 00 00 
, 1.00 1. 00 00 00 GO 00 
‘tbu- Diopters 
0. UU <* 22 “s 2.01 2.02 0.01 0.01 0. 02 0.01 
tion = ~~ S ws 1.06 1.95 01 + 04 + 05 ol 
tical 2 s4 r 2 00 1.06 1. 97 + (1 04 03 +. 01 
5 wt oe m4 | ~9 oO] 2 01 rT) Ol ol 00 
r 14 4 ve on we | 1. 92 1.96 04 + OR +. 04 04 
are n , ny n 2 Of 2.07 01 0. 02 0.03 0.01 
2.97 2.95 02 03 O5 02 
the + O00 2 OV 3. 00 + Ol Ol oo +. Ol 
| . 2 07 2 O68 Ol 03 04 ol 
ae- | 3.02 2 OS 04 02 02 4 
are 
S. Results of Measurement on 311 Spectacle ‘01 401 | 40.00 | -oor | —oor | 40.00 
lues 100 4.00 00 +. 00 +. 00 00 
Lenses 1. 00 Loo 100 Oo oOo OO oO 
are | 1 00 4.00 00 00 00 00 
e t 3. 90 4, 87 03 10 13 03 
The two principal meridional powers of each lens 
‘ate - - RY ». 00 +). O1 0.11 0.10 +1). O1 
were measured by each of three observers. Kach 6. 02 6. 00 02 02 00 02 
ade- ». . ° > ° 6.00 6.00 6.01 + (1 + OO Ol +. O01 
nal observer made five determinations of rach quantity | —6.01 6.01 00 01 01 00 
for each lens he results of measurement for all  —6.00 oo “ is ee ” 
observers were averaged and the results are listed {—10. 06 10. 06 0. 00 0. 06 0. 06 0.00 
, : ; M 4 , 10. 00 9. 89 9, 89 oo +. 11 +. 11 oo 
In tables 6 to 12 Kor convenience, each table lists | —9. 96 9. 96 00 04 04 00 
results for the entire range of spherical powers fora (13.92 ~— aiei ~ ae ae 
single value of the evlindrieal powers. The two 14.00 14.07 14. 07 00 07 07 00 
. - . | 13. OS 13. OS OO + 2 + (2 .00 
principal meridional powers, V5 and Hp, are the only 
‘ : . . | P 17. 95 17. 95 0. 00 0.05 0. 05 OO 
qui ‘Ss “" ‘as . } i 5 ; > ~ 
juantities directly measured. The value of the es Coe =o - - ~ a 


equivalent evlindrical power is given by the differ- (—17.97 17.97 00 03 v3 00 
ence between the corresponding values of V, and 
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| ' Tarte 9 Veasured values of the axial meridional powers, Vo TABLE 10 Veasured values of the axial meridional powers, Vo 
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H,. The deviations from the nominal values of 
S " ’ 0.0: 0. 0.0 \>, Ho, and Cp (derived from the prescribed values 
“ : = of sphere and evlinder) are listed under the headings 
SY ™ 02 ny AVo, AHo, and AC. *4 BM er & 
' ( 02 0.0 Cursorv examination of the measured values of 
os ° ps. V.. Hp». and C, listed in tables 6 through 12 shows 
s 0 Os 0 the departure from the nominal values to be quite 
- small. 


361 








6. Establishment of Tolerances 


In the establishment of tolerances for axial power 


for spectacle lenses, two factors should be kept 
constantly in mind. First, the tolerances should be 
sufficiently large that lenses now made in accordance 
with recognized good practice should not show too 
high a percentage of rejection. Second, the toler- 
ances should be as small as practicable to imsure 
uniformity of performance. In other words, the 
tolerance should be such that if a user is supplied 
with the nominally correct lens or a lens at either 
extreme of the proper tolerance, he is not likely to 
perceive any difference in the quality of vision. 


6.1. Proposed Tolerances for Axial Powers 


Following a careful analysis of the magnitudes of 
the axial deviations AV», A/lp, and AC>, a set of 
tolerances were established for use in a purchase 
specification [5]. The tolerances decided upon are 
specified as follows: 

“The refractive power measured through the opti- 
cal center shall agree with the prescribed power to 
within the following tolerances: 


Powers 0 through 6. OO 0.06 diopter 
Powers 6.25 through — 12. 00 1 percent of power 
Powers above 12. OO 0.12 dioper 


“Where evlindrical power is present, the above 
tolerances shall apply separately to each principal 
meridian of the lens and to the evlinder alone.” 

The total range of powers covered by this specifica- 
tion is +9.00 to 20.00 diopters. It is probable 
that it ean be extended to cover the range 20.00 
to — 20.00 diopters. 


6.2. Degree of Compliance With Proposed 
Tolerances 


The results of measurement made the 311 
lenses that are contained in tables 6 to 12 have been 
considered with respect to these tolerances. For 
clarity, the results of these considerations are shown 
graphically in figures 2 to 6. In the graphs showing 
deviations in meridional power, the abscissas repre- 
sent values of meridional power, V>,, while the 
ordinates give the magnitude of the deviation, AV, 
or All,, for a given value of V,. The solid lines 
bounding the horizontal zone in the central region 
of the graphs are the tolerance lines. Points that lie 
outside this zone indicate departures from the 
specified values in excess of tolerance. To avoid 
plotting a multiplicity of points, only those points 
are plotted where one or both of a pair fall outside 
tolerance. For example, if for a given lens AV> is 
greater than the specified tolerance, the value of 


AV, is plotted on the graph and in addition the 
value of All, is plotted, whether it exceeds the 
specified tolerance or not. In order to show the 


number of lenses complying, a bar graph is shown at 
the bottom of each frame. The total number of 
boxes at a given value of V, corresponds to the total 
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FiGureE 2. Degree of compliance with suggested tolerances fo, 


axial power for 72 lenses ha ing zero ¢ ylindri al power 


Only those points are plotted for which at least one member of a pair falls outside 
the tolerances indicated by the solid lines he bar graph at the bottom shows 
the number of lenses in the sample; boxes containing an X indicate number 
of lenses complying; and vacant boxes indicate number of lenses not complying 
in at least one meridian 
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[t is interesting to note in these figures, that there 
is only one instance, (fig. 4, Vp IS D), where no 
single lens of a given group complies in full with the 
tolerances In all other cases, al one, and 
generally two or more comply in full which indicates 
that these tolerances are being satisfied and can be 
satisfied. 


least 


The degree of compliance with the suggested toler- 
ances is shown in tabular form for the 311 lenses in 
tables 13 to 18. In these tables, the total number of 
lenses of a given power in each sample is given, 
together with information on the number complying 
in each phase of the specification. At the bottom of 
each table, the percentage of lenses complying in 
Vo, Ho, and Co separately is given and finally the 
percentage complying fully in WV», 77>, and Co. 

TABLE 13 


for arial power for 72 lenses havina meridional powe 


De gree oj com pliance with sugqaested requirements 
anqindgd 


from ? OO to 18.00 diopte s and zero culindrical power 
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At first glance, the percentage of lenses complying 
seems so low that one might think the tolerances were 
too severe. There are, however, a number of factors 
to be considered that tend to show that the tolerances 
are eminently fair. For example, these are not re- 
sults for lenses from a single source but from a variety 
of sources. In addition, these are not lenses specially 
made for this study but are representative of lenses 
that are in routine manufacture. Consequently, 
only a single lens of a given sample of 3 to 5 lenses 
ic, , complies with the suggested tolerances, it signifies 

that a lens of that power can be and is being made 

that will satisfy the suggested tolerances. Moreover, 

from the graphs in figures 2 through 6, it is evident 

that only minor adjustments need be made in the 

manufacturing process to bring many of the lenses 

now tolerance within the bounds of the 

suggested tolerances In connection with this view, 

it is noteworthy that of all the 68 combinations used 

~ in this study, only one failed to have a single member 

of the sample comply. This is the sample, where 

Vo 18.00 and Co=2.00 diopters. It is probable 

that lenses of this combination can be made that will 

comply with the tolerances. Inasmuch as at least 

one lens in 67 out of 68 samples complied with sug- 

a gested requirements, one can say that with sent- 

day routine manufacturing tec hniques, there 
tentially a 98-percent degree of compliance. 

The degree of compliance ought also to be con- 

sidered with respect to the expected percentage of 

which is shown in table 1. For lenses having 

zero cylindrical power, the expected percentage of use 

table indicates that 91 percent of these lenses will 

have powers ranging from +-4.00 to —4.00 diopters. 

For lenses of these powers, table 13 shows that 42 

out of 45, or 93 percent, comply. For lenses having 

evlindrical power 0.25 to 2.00, the expected percent- 

age of use in conjunction with spherical power from 


file nis 
anqing 


wer of 


outside of 


ments 


nging 


S po- 


I use, 


-4.00 to —4.00 diopters is 83 percent. For this 
range, table 14 shows 41 out of 45, 91 percent, 
complying and table 15 shows 40 out of 44, or 91 


| percent, complying. It is accordingly clear that in 
| the ranges of powers commonly used, approximately 
| 90 percent of the lenses as presently made should 
comply easily with these tolerances. 


6.3. Depth of Focus and the Proposed Tolerances 


In preparing a tolerance for axial power, it is 
proper to consider factors other than degree of com- 
pliance of existing lenses. Some thought should be 
given as to the probable effect on the vision of the 
user, if it is assumed that the lens has been correctly 
prescribed, properly positioned, and is affected only 
by disparities arising from deviations of the mecoured 
from the prescribed power. With this in mind, : 
brief study was made to determine magnitude of the 
variation in power of the viewing lens that would still 
permit a fixed eye to resolve discrete objects sepa- 
rated by 1 minute of are in the object space. This 
figure of 1 minute of are is the angular width of the 
lines in the letters of vision-testing charts, which are 
just legible to a person of normal (or 20/20) vision 
when viewed under standard conditions. 

The computation of the magnitude of the permis- 
sible power variation was done in a manner closely 
paralleling that used in determining depth of focus 
for a lens, with the exception that the variation is 
expressed as change in dioptric power of the viewing 
lens rather than as displacement of the focal plane 
in the image space of the viewing lens. The final 
results are shown as curve 1 in figure 7. In the figure, 
both the positive and negative values are plotted so 
that the space separating the two branches is a 
measure of the total range of variation of dioptric 
power of the viewing lens for which the limit of reso- 
lution is 1 minute of are in the object space. It is 
clear that range of variation or depth of focus is least 
for the high positive powers and increases steadily 
as one moves from the region of high positive power 
to the region of high negative power. 
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Figure 7. Curves showing depth of focus in dioptric powe 


variation of the viewing lens for a limit of resolution of 1 
minute of arc in the object space. 
The zone bounded by the curves marked 1 shows the theoretical depth of focus; 
the zone bounded by the curves marked 2 shows the value found experiment- 
| ally; and the zone bounded by the curves marked 3 shows the suggested 
: tolerances 
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The depth of focus was also determined experi- 
mentally by photographing test charts through the 
spectacle tester at a series of settings through the 
region of focus. The results of these measurements 
are shown in the curves marked 2 in figure 7. Al- 
though there is a pronounced difference between 
curves 1 and 2, it is not particularly alarming so far 
as purposes of the present discussion are concerned. 
It must be remembered that curve 1 shows the depth 
of focus for an ideal lens, whereas curve 2 shows the 
depth of focus for an actual lens that is not free from 
aberrations. It is probable that further study would 
locate the causes of the discrepancies. The prime 
thing to remember is that both of these approaches 
indicate the existence of upper limits on lens toler- 
ances or depth of focus, if one wishes to maintain a 
given level of vision. 

The suggested tolerances, discussed in section 6.1, 
are also shown as curve 3. It is clear that 
tolerances are at all times within the range covered 
for curve 2, (the results of experiment) and extend 
beyond the range covered by curve 1, (the results of 
theoretical computation) in the case of high positive 
powers. It must be borne in mind that curves | and 
2 delineate the extreme ranges for which 1l-minute 
resolution is possible, and that it is probable a reason- 
able level of contrast for the distinguishing of close 
objects will be maintained over about 0.7 of the total 
range indicated by curves 1 and 2. It is, therefore, 


these 
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clear that the suggested tolerance range agrees closely 
with the range derived from both theoretical ang 
experimental considerations. It is also evident that 
any marked increase in the suggested tolerances may 
result in reduction of the image quality for a user 
who happens to obtain a spectacle lens for which the 
variation of the actual from the prescribed power js 
near the limit of the extended tolerance range 
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A Survey of Negative Ions in Mass Spectra of Polyatomic 
Molecules 


Robert M. Reese, Vernon H. Dibeler, and Fred L. Mohler 


\ survey was made of negative-ion production in 27 different molecules covering a wide 


variety of chemical compounds. In nine compounds no ions were found. For the other 
compounds rough measurements of the appearance potentials and relative abundance of the 
ions are reported. About 60 different ionization processes are observed in 18 compounds. 


Formation of ions by dissociative resonance attachment is the most common process, but 
there are several cases of ion pair formation and of attachment without dissociation. 
Perchlorylfluoride gives by far the greatest abundance and variety of ions. 


1. Introduction with lanthanum boride was substituted for the pure 

tungsten filament that is used routinely as an 

Experimental data on mass spectra of negative | electron source. This resulted in an ion source 
ions |1, 2, 3, 4)’ are fragmentary and incomplete as | temperature of about 150° C instead of 250° C, 

| compared with the extensive volume of research on Negative ions formed by attachment processes 

positive ions. There are three different mechanisms | were first detected by repeated sweeping of portions 

by which negative ions can be formed by electron | of the spectrum while varying the electron energy 


collision. from 0 to 20 v, and negative ions formed by ion-pair 
1. lon pair formation XY +e—>X*+ Y~ +e. processes were detected at 100 v. Data for ioniza- 
2. Resonance attachment XY+e-XY~-. tion-efficiency curves were then obtained by varying 
3. Resonance attachment with dissociation XY-+e | the electron energy in 0.2-v steps from 0 to 20 v and 
X+Y-. in larger increments up to 100 v. Curves were 


plotted on a linear scale. 

The relative efficiency for collecting negative ions 
produced by resonance capture as compared with 
positive ions depends critically on the operating 
conditions. The collecting efficiency of the 180° 
mass spectrometer has been estimated by a method 
used by Marriott and Craggs [2]. Lozier [6] made 
measurements of the relative abundance of positive 
and negative ions from oxygen in a nearly field-free 
space and found the ratio O-/O*=0.04 at 35 v. 
This instrument gave a ratio of about 0.0125, and 
the collecting efficiency is taken to be 31 percent. 

This paper reports observed appearance potentials 
without any correction for effects of contact poten- 
tials and the electric field across the ionization 
chamber. A comparison with published results in- 
dicates that the correction would be less than 1 v. 


In ion-pair formation the probability of ion forma- 
tion increases with voltage above the ionization 
threshold in a manner similar to that of simple posi- 
tive ion formation. Inthe two resonance attachment 
processes, ion formation occurs Over a narrow range 
of voltage [5] at voltages ranging from 0 up to 10 v 
or more. Thus a survey of negative-ion formation 
in a compound requires repeated sweeps of the mass 
spectrum at small voltage intervals from zero up. 
Preliminary to a more detailed study of bond- 
dissociation energies and electron affinities of halo- 
genated molecules, a survey has been made of 
negative-ion production for a wide variety of com- 
pounds, and the results are reported in this paper. 


‘ 


2. Experimental Details 


Most of the mass spectra were obtained with a 180° 


Consolidated mass spectrometer of 5-in. radius of 3. Results 
curvature with its circuits modified for appearance ” 
potential measurements [3]. Reversal of fields to Table 1 summarizes the data obtained for 18 


collect either positive or negative ions was accom- | compounds. Nine others—diborane, B,H,; decabo- 
plished without difficulty, except that the d-c ampli- | Tane, BioHi; triethylborane B(C,H;)3; dimethyl- 
fier showed marked alinearity for negative-ion | aminodiborane, (CH;).NB,H;; ethane; 1-pentene; 
currents greater than 3107" amp. In a recent benzene; methyfluoroform, CH;CF;; and 1,1-difluoro- 
experiment with CCl, a new 60° sector field instru- ethylene, CH,=CF,; were also investigated. No 
ment was used, and, probably because of improved | Negative ions were observed for these compounds 
means of focusing, some details were observed that | Over an electron energy range from 0 to 90 v. 
were unmeasurable with the 180° instrument. In In table 1, column 1 gives the compound. Column 
an experiment with C.F, a tungsten filament coated | 2 lists the ions observed in each compound. Column 
3 gives the appearance potentials of the ions and, 
Figures in brackets indicate the literature references at the end of this paper. after each entry, the letters (A) and (P) designate 
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TARLE | Vegative ion ) poryator O ¢ resonance attachment processes and ion pair proce. 





esses, respectively. Column 4 gives the relatiyp 
' abundance of the negative ions. For attachment ’ 
Compound son appease | aes ” processes the maximum of the resonance peak was { 
= lanes compared with the most abundant positive ion at a 
70 v, using the correction factor described above for { 
= ye relative efficiency of collecting negative ions. Tp ! 
vg v 21 P 0 20.9 some cases the comparison with positive ion abun- | 
aT ver te dance was not made and numbers in parentheses eiye 
7 17.8 (P § | 17.Lev and 20.2 ev [s the relative intensity of the different resonance peaks ( 
HC] Cl O4(A Under “Remarks” some published measurements of I 
| | ) (A) | 13.5. | 180° mass spectrometer appearance potentials of ions in CO and O, are ’ 
ne “A . ~ 4 iactcenaectuammethes included. These indicate that the uncorrected 
| ok 0.8 (A 3, 180° mass spectrometer values of appearance potentials in column 3 are ¢ 
cal tected ; within less than 1 v of the corrected values. ‘ 
BsHe $0 \ 20 Not npared wit! 
BH BsH tha pesttive ton soun ; ; 
| Bee 1. 4 4A) | (ie dane 4. Discussion | 
— ts * Table 1 lists 61 different ionization processes found 
CHF sm ” ies in the 18 compounds and most of these involve dis- : 
| 4 . : .~ sociative resonance capture. There are only five . 
- BTA 2 ion pair processes and these are all of low abundance. 
O ' tr _; Resonance attachment without dissociation is ob- 
C1 48 " re served only in B.H,, n-C 7 F i6, and C.F . In general, 
C1051 240A 2 the relative abundance of negative ions is small 
— eth ; compared with positive ions but the compound 
cio;- |{ Fat i s perchlorylfluoride, CIO;F, is a notable exception In 
ClO 0 (A) 400 this compound there is a wide variety of ions formed 
CiOsl 7 © by attachment and there are often several attach- 
CFjH 26.1 1 (1 ment potentials for each ion. The table includes 
2.6(4 . data on seven perfluorohydrocarbons and these show 
CFB R ; we ae wide variations in the negative ion spectra. In 
rR t : : ~ ( I. only one ton of very low abundance appears 
; whereas in all the heavier fluorocarbons a variety of 
Cre , " — ions is found. It is of interest that in n-C-F,, the 
Col on YY " : LaB fila ' molecule ion IS large. In the positive ton speetrum 
the molecule ion is not observed 
vu = alee . - Five compounds containing boron were studied 
r(A) | (10 Not | but only in pentaborane, B;H», were negative ions 
} 7.3(A pnts found and in this case four different tons were ob- 
- | | tr oe served. 
' 3 $A t . . . 
The following diatomic negative ions cannot be 
C1 3A 0.03 formed by simple dissociation; Cl,~ from CCI,, FB: 
Ci Cr tr : from C,F;Br and O.~ from ClO,F 
Cyl iC 2 . There are some published researches on negative 
° ions of HC] and CCl. Gutbier and Neuert [9] find 
ous, t” iced tne a appearance potentials for Cl- from HCI at 0.8+0.3 
L Col \ 1) ev, 4 lev and 13.6 0.5 ev, the latter being an ton 
H(A Tr. Not cor t! pair process The ion pair process and the $f \ 
, 2 . - Posse resonance could not be found in this work although 
Cr CI 4) (100 measurements were made with both the 180° instru- 
lé a) | Ge ment and the 60° instrument. 
ate udl hes For CCl, Baker and Tate [10] give appearance 
( | OCA potentials of Cl- as 1.3 0.3, 5.8 0.5, and 12.4 
Col oy asta > 0.2 ev, which is consistent with data of table 1 but 
lor | ter 7 they find Cl,~ at 4.8 | and 17.0 --0.5 and small 
peaks of C~ and CCl. Craggs, McDowell, and 
The appearance potential is the uncorrected applied potent ' Warren [11] find only one capture peak for Cl> near 
eee es Che tea ecaeeae i OF Kesonance attachment’ | ¢ ey, and the ton pair process In this research, 
' ? The abundance is expressed relative to the most abundant positive ion, ex- | Measurements with the 180° instrument showed only 
— Oa INS WS END CIS CONN SECRETE the 0-v appearance potential for Cl 
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The dis repancies in experimental results reflect 
come of the inherent difficulties in research on nega- 
tive ions. One recognized difficulty is that the rela- | [1 
tive intensity of sharp resonance peaks will depend 
on the energy spread of the electron beam and, if 


the sharp peak is at 0 v, the fraction of electrons of [3] 
nearly 0 v may be subject to extreme variations. 
Another difficulty is that negative ions frequently (4) 


h kinetic energy, so that the efficiency of 


have high 
and variable. For these 


collecting the tons ts low 


reasons research on the relative abundance of nega- 6] 

tive ions is in a qualitative stage of development. 7] 

. : 7 . . is 

Only a preliminary survey of the negative ion 

spectra is given and further research on some of the | [9] 
compounds is now in progress. An apparatus is 


with a | [10] 


to study ion formation t 


electron beam = using the 
technique of Fox et al, [12]. This method should | 5,9) 
materially reduce experimental uncertainties in 
appearance potential measurements and afford valu- 
able information on bond energies and electron 
affinities. 


being assembled 
nearly monoenergetic 
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Heat Conduction Through Insulating Supports in Very 
Low Temperature Equipment’ 
R. P. Mikesell and R. B. Scott 


An apparatus is described that is used to measure the heat conduction through insu- 
lating supports of storage vessels for cryogenic liquids and presents the data obtained from 


the conduction measurements. 


Two types of supports were tested: (1) multiple-contact 


supports in the form of stacks of thin metallic plates or spirally wound strips, and (2) non- 


metallic spheres. 


the numerous relatively poor contacts between the individual plates. 


The high thermal resistance of the multiple-contact supports arises from 


Some special treat- 


ments of the plates were tried, and two of these, perforating and dusting, were found to be 


effective 
are not as rugged as a stack of metal plates. 


Pyrex-glass spheres were also found to be excellent insulators, but, of course, 
Of the untreated plates tested, those of stain- 


less steel (0.0008 inch thick) were found to be the best insulators per unit length of stack. 
The heat conduction through these plates, at a load pressure of 1,000 pounds per square 
inch, was found to be2 percent of the conduction by a solid sample of the same metal having 


the same dimensions. 
1. Introduction 


The most efficient containers for storing and trans- 
porting low-temperature liquids, such liquid 
oxygen, nitrogen, and hydrogen, are the vacuum- 
jacketed type known as Dewar vessels. In the past, 
several types of heat insulators have been used to 
bridge the vacuum space and furnish support for 
the inner container. For small laboratory-type 
Dewars, the design of insulators is not a major 
problem, but when designing a vacuum-insulated 
container of several hundred liters or more, which 
must have ruggedness to withstand the shocks and 
vibration of transportation by any type of carrier, 
the problem of insulating supports becomes a serious 
one. 

The recent development of a large aluminum 
Dewar at the Bureau’s Cyrogenic Engineering 
laboratory included the design of some new type 
insulating supports, which were of such a nature 
that their insulating properties could not be com- 
puted from the thermal conductivity of the ma- 
terials from which they were constructed. For this 
reason, an apparatus was constructed to measure 
the heat conduction through these supports. Some 
of the supports were found to have such good in- 
sulating and structural properties that it is believed 
they will have an extended usefulness, and that in- 
formation obtained from the tests will have general 
value in the design of Dewar equipment. 


as 


2. Experimental Details 
2.1. Description of Apparatus 


In order to simulate conditions actually encoun- 
tered in practice, the calorimeter for measuring the 
heat conduction was itself a Dewar vessel. With 
this apparatus it was possible to measure the total 
heat conduction of the specimen when it was sub- 
jected to loads ranging from approximately 30 
pounds to approximately 1,050 pounds and under the 
following temperature conditions: (1) room temper- 


this work was sponsored by the U. 8S. Atomic Energy Commission 
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ature to liquid-nitrogen temperature (296° to 76° K), 
(2) liquid-nitrogen to liquid-hydrogen temperature 
(76° to 20° K), and (3) room temperature to liquid- 
hydrogen temperature (296° to 20° K). These 
temperatures are the boundary conditions encoun- 
tered in liquid-hydrogen Dewars, which are provided 
with a liquid-nitrogen-cooled radiation shield be- 
tween the liquid hydrogen and the room-temperature 
shell. 

The apparatus (fig. 1) was designed so that the 
calorimeter is a metal Dewar with the test specimen 
acting as a separating and insulating member. The 
specimen is placed between the bottom plate of the 
inner container, into which is poured liquid nitrogen 
or hydrogen, and the bottom plate of the outer con- 
tainer, which is at room temperature or liquid- 
nitrogen temperature. A 5-liter Dewar containing 
liquid nitrogen surrounds the calorimeter when it is 
required to have the exterior wall of the calorimeter 
at liquid-nitrogen temperature. 

The outside container is secured in a vertical posi- 
tion by means of the O-ring flange, which rests upon 
a wall bracket not shown in the diagram. The 

-ring seal is completed by a top flange, through the 
center of which passes a tube (8-18 stainless steel, 
14-in. outside diameter, \s-in. wall), which is con- 
nected to the inner container. The vacuum system, 
consisting of a cold trap, diffusion pump, and fore- 
pump, is connected to the outer container. 

The central tube serves both as the neck of the 
calorimeter-Dewar and as the compression member 
for transmitting the load from the fulerum point of 
the lever arm to the specimen. This vertical load is 
the force resulting from a movable weight mounted 
onaleverarm. A metal bellows permits the central 
tube to move vertically through guides that also 
prevent horizontal motion. The brass plate is 
soldered to the bellows, is sealed to the outer con- 
tainer by means of an Q-ring and is secured in posi- 
tion by four screws. The unit consisting of the inner 
container or calorimeter, the central tube, the bel- 
lows, and the top flange may be easily withdrawn 
from the outer container to enable one to change the 
test specimen. 








In order to reduce heat radiation from the side, 
the surfaces that face the insulating vacuum are 
covered with bright aluminum sheet. To intercept 
radiation from above, horizontal metal disks are 
placed along the central tube both inside and outside 
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2.2. Test Specimens 


The specimens measured in the tests are described 
n tables 1 and 2 . 

The round plates (A, fig. 2) 1 in. in diameter, ay, 
mounted between brass end plates of the sam 
diameter. N vlon threads tied through small holes 
in the plates keep them in place. The rectangula; 
plates are mounted in the same manner, with thy 
diagonal of each rectangle approximately the sam, 
length as the diameter of the cireular end _ plates 
The spheres B, fig. 2) are held between two Stain- 
less-steel plates, each of which has three matching 
spherical depressions of somewhat larger diamete 
than that of the spheres ‘e-In. radius 
depression \-in. radius This assembly is also tied 
together with threads to prevent dislodgment of th 
spheres during test. 


spheres 
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2.3. Experimental Procedure 


With the specimen in place, the calorimeter sup- 
plied with liquid hydrogen or nitrogen, the required 
load applied, and an adequate vacuum (less than 
10° mm Hg) in the insulating space, the volume of 
gas evaporated from the calorimetric liquid is de- 
termined with a wet test gas meter. Readings are 
continued until a constant rate of evaporation gives 
assurance that equilibrium has been reached.  Vol- 
ume determinations are adjusted to standard condi- 
tions and corrected for the partial pressure of water 
vapor in the meter Several sets of readings are 
made with applied load on the specimen. 

The rate of heat flow through the specimen cannot 
be calculated directly from the evaporation rate be- 
eause (1) part of the evaporation of the liquid during 
the measurements is caused by heat transfer other 
than through the specimen, and (2) the relation be- 
tween evaporation rate and heat conducted through 
the specimen is not quite linear because some of the 
heat flowing down the central tube is intercepted by 
the cold gas flowing up the tube; thus less heat is 
conducted down the tube when the rate of evapora- 
tion of the liquid is increased. Instead of try ing to 
determine the magnitude of these incidental heat 
leaks, their effects were taken into account simply 
by calibrating the apparatus with a known heat 
input. This was done by lifting the inner container 
until it no longer made contact with the specimen 
and conducting another series of measurements of 
the gas evolved when known values of electric power 
were supplied to a heater immersed in the liquid in 
the inner container. The amount of heat con- 
ducted through the specimen during a test measure- 
ment is assumed to be the same as that supplied to 
the heater to produce a given rate of evaporation. 
This assumption is justified if the conditions during 
the measurements of heat conduction with applied 
loads are maintained during the calibration measure- 
ments, 


3. Data and Discussion 
3.1. Accuracy of the Data 


The values of heat conduction obtained with this 
apparatus are accurate in most cases to approxi- 
mately 10 percent. The main causes of error were 
the following: (1) The fluctuations in the magnitude 
of the incidental heat leaks, though small, did be- 
come important in the measurement of the conduc- 
tion through the very good insulators, and (2) there 
were small changes in heat conduction resulting from 
variations in the exact manner of mounting or loading 
the specimen. 


3.2. Untreated Stacked Plates 


Six multiple contact specimens were tested be- 
tween nitrogen (76° K) and room temperature; five 
of these were stacks of stainless-steel plates, and the 
sixth was a stack of Monel plates. ‘Two specimens 
were tested between liquid-hydrogen temperature 
(20° K) and liquid-nitrogen temperature (76° K). 
Since the support of a Dewar is, in most cases, loaded 
warm, i. e., the load is applied when the support is at 
room temperature, the data for each specimen, with 
the exception of the Monel stack, is presented for 
warm loadings. The Monel stack was loaded cold, 
i. e. the load was applied when one end of the speci- 
men was at nitrogen temperature. It was found 
that the conduction by a stack of plates (0.004 in.) 
subjected to a high pressure was approximately 30 
percent greater when the stack was loaded warm than 
when it was loaded cold. 

The results on clean multiple-contact, metal 
supports? are shown in figures 3a, 3b, and 3c, 
wherein the heat current per unit area is plotted 
as a function of the pressure on the specimen. The 
heat conduction through the plates increased with 
the pressure for two reasons: (1) the area of contact 
surface was increased, and (2) the heat paths be- 
came shorter through a given stack of plates. The 
conduction was found to be proportional to some- 
thing less than the first power of the pressure, there 
being a tendency for the curves to level off as in- 
creased pressure had less effect. Thus, the stack 
of plates acted as a good insulator, even at the 
higher pressures. 

The points below a pressure of 300 psi were not 
especially reliable because the exact values of the 
lower pressures, as well as the measured conduction 
rates, are somewhat in doubt. 

Figure 4, on which these same curves are plotted 
on log-log paper, shows the conduction to be pro- 
portional to approximately the 0.67 power of the 
pressure for the nitrogen- to room-temperature 
range, and proportional to approximately the 0.86 
power for the hydrogen- to nitrogen-temperature 
range. As the heat conduction by a stack of plates 
was found to be proportional to less than the first 
power of the load, it is concluded that such a support 
should be designed for high loading per unit area, 

Such an arrangement for use as an insulating support is the subject of a patent 


ipplication for the AEC by B.,;W.4 Birmingham, E. H. Brown, R. B. Scott, 
ind P. C. Vander Arend 
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Figure 3a Heat conducted as a function of mechanical pres- 2 


sure of stacks of type 302 round stainless-steel plates, each 
plate 0.0008 in. thick. 


HEAT 


A (A), 148 plates; C , 209 plates; F ¢ 313 plates; H (@), 315 plates 
Boundary temperatures for A, C, and F are 76° and 206° K: for H, 20° and 76° K 
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° PRESSURE , psi 
Ss s 
2 Figure 4. A log-log presentation of the data given in figures k 
% 3a, 3b, and 3c, demonstrating that the heat current is a pprori- 
¥ mately proportional to the 0.6; power of the pressure in the 
upper lemperature range | 76° to 296° K), and to the 0.8 
power of the pressure in the lower te mperature range (20 
e to 76° K 0 
\ , 148 plates, 0.0008 in. thick; B 92 plates, 0.004 in. thick: C 
2 ates in. th 52 plates, 7 in. thick; E 19 plates 
PRESSURE 09 | lates, 0.0008 it hick: D . a lat 0.01 I thic . nla 
“oe 0.0195 in. thick; F , 313 plates, 0.0008 in, thick; G , 92 plates, 0.004 ix ul 
Figure 3b Heat conducted through stacks of thick plates thick; H 515 plates, 0.0008 in. thick ( 
where the boundary temperatures are 76° and 296° K, t 
D , a stack of 52 round Monel plates, 0.017 in. thick; I i stack of 49 : 
type 304 round, stainless-steel plates, 0.0195 in. thick Curve I shows the con : ° ° Ll 
duction that would occur through a stack of 0.0008in. plates the same height as heat current (in analogy to its electrical equivalent P 
the stack of 0.0195-in. plates rhe conduction is extrapolated from the conduc one . _— u 
tion by a stack of 313 plates, 0.0008 in, thick Thermal resistance is temperature dependent, but . 
it is permissible to use an average value for com- { 


paring two stacks under the same temperature 
difference. As there were a large number of stacked ’ 
plates in these tests, it was reasonable to expect f 
{ 
{ 





that the resistance would be proportional to the 














£ number of plates, i. e., that the end effeets would 
. be negligible. \ 
x Three specimens of the 0.0008-in.-round stainless- 
2 steel plates were tested, each with a different number ‘ 
P of plates. In figure 5 it is shown that the thermal ' 
= resistance of a stack of plates varies linearly with ; 
the number of plates in the stack. Thermal re- | , 
sistance of unit area per plate as a function of the , 
thickness of each plate is shown in figure 6. For 
FOETUS , pet many design applications a certain volume may be , 
Figure 3e. Heat conducted through a stack of 92 type 304 | available for the insulating member. Hence, con- \ 
rectangular, stainless-steel plates, 0.004 in. thich sistent with strength and cost considerations, it 1s ‘ 
sgt he boundary temperatures for B (©) are 76° and 296° K; for G xe and | desirable to know what thickness the plates should 


have to provide adequate heat insulation. Thermal 
resistance of unit area per unit length of stack as 
. a function of plate thickness is plotted in figure 7. 
i. e., the cross-sectional area should be made as | The length of the stack was determined by multi- 


——— n 


small as is consistent with strength and other design | plying the number of plates by the thickness of } 
considerations. ach plate; this calculated length was in close 

The concept of thermal resistance is introduced | agreement with the length measured when the ‘ 
here as an aid in comparing and correlating data | stack was subjected to a pressure of 1,000 psi. 
on different specimens. Thermal resistance is de- | Points for the curves of figures 6 and 7 are taken ' 
fined as the temperature difference divided by the from the curves of figures 3a, 3b, and 3e for the ] 
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Fieure 5 Observed linear increase of the thermal resistance 


with the number of plates contained in a stack. 


The plate thickness is 0.0008 in.; the boundary temperatures are 76° and 296° K. 


(.0008-in. stainless-steel round plates, the 0.0195- 
in. stainless-steel rectangular plates, and the 0.004- 
in. stainless-steel round plates. It is seen that the 
0.0195-in. stainless-steel round plates had a higher 
thermal resistance per plate than the others, the 
explanation being that the thin plates were pressed 
into better contact with each other with a given 
applied pressure. However, for a given length of 
stack, the thin plates produced a greater total 
thermal resistance. This is shown by the dotted 
curve, I, figure 3b. No implication is intended that 
the slopes of approximately \ and — ' of the lines of 
figures 6 and 7 have any significance other than 
that of representing the observations. It is probable 
that for different loads or plate thicknesses these 
would have other values. 

The heat conduction through a stack of plates was 
considerably less than the conduction by a solid 
member of the same metal having the same dimen- 
sions, showing that the difference in conduction was 
due mainly to the total contact resistance of the 
specimen. 

The conduction through a stack of 0.0008-in.-thick 
stainless-steel plates under a pressure of 1,000 psi 
was found to be approximately 2 percent of the 
conduction by a solid member; for the 0.0195-in. 
stainless steel round plates at 1,000 psi, 8.5 percent; 
for the 0.004-in.-thick stainless-steel rectangular 
plates at 1,000 psi, 4.5 percent; and for the 0.017-in.- 
thick Monel round plates at 600 psi, 6.5 percent. 

The 0.0008-in. and the 0.004-in. plates were tested 
between liquid-nitrogen and liquid-hydrogen tempera- 
tures. Table 3 shows the comparison between these 
specimens. In the case of both the 0.0008-in. and 
the 0.004-in. plates, the specimen was loaded warm 
at the higher pressures; the load was reduced to the 


ry 
Phe 


lower pressures after the specimen was cold. 
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Figure 6. A log-log presentation demonstrating that the heat 
resistance per plate increases approximately as the square root 
of the individual plate thickness. 


The boundary temperatures are 76° and 296° K. 
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Figure 7. <A log-log presentation demonstrating that the heat 
resistance per unit length of a stack varies approximately as 
the inverse square root of the individual plate thickness. 


lhe boundary temperatures are 76° and 296° K. 


ratio of the heat conducted between 296° and 76° K 
to that conducted beween 76° and 20° K is of 
interest. The conduction ratio of a solid member of 
the same type of metal and the same dimension 
between the two temperature intervals would be 
9 to 1. The greater ratio in the case of the stacked 
plates is an indication that the thermal resistance of 
the contacts increases as the temperature is decreased. 


Tare 3. Comparison of 0.0008-in. and 0.004-i7r. plate 8 


Conduction ratio 


Specimen Conduction at 76 


Pressure plates to 206° K+con- 
duction at 20 

to 76 a 

psi n 

754 0. OOOS 15.5 tol 

1, 346 0008 13.3 tol 

1. 407 004 14.2tol 

» AOU (4 10.6 tol 








3.3. Specially Treated Stacked Plates 
a. Dusted Plates 


Because the objective of the work was to devise 
sturdy supports with the best possible insulating 
properties, methods of decreasing the heat conduc- 
tion were studied. S. C. Collins of Massachusetts 
Institute of Technology predicted that a very slight 
coat of dust would greatly increase the thermal 
resistance. He had observed that a few dust particles 
detectable only under a microscope were sufficient to 
spoil the effectiveness of a thermal switch. Manga- 
nese dioxide was chosen to be the insulating dust 
for several reasons. It is only a fair conductor of 
heat and has moderate hardness. It can be ground 
into a fine powder that will cling to the surface of 
the plates, so that little of the dust is lost in the 
assembling of the supports. The dust coat on each 
plate was of such a small magnitude that the total 
length of the multiplate specimen was not signifi- 
cantly changed. The results for the dusted plates, 
as illustrated in figure 8, curves A and E, show that 
the heat resistance of unit area per plate of the stack 
of dusted plates is much higher than that of the 
stack of clean rectangular plates. 


b. Perforated Plates 


Another good insulating device was found to be 
a stack of perforated rectangular plates. The results 
on these plates are shown in figure 8, curve B. 
Figure 9 shows the plan of a perforated plate. The 
net area is 60 percent of the area of a plain rectangular 
plate The thermal resistance of these plates was 


found to be higher than that of the plain rectangular 
plates because of the smaller area of the perforated 
plates and because the plates were stacked in such a 
manner that the holes of the adjacent plates did not 
paths through 


aline, resulting in longer heat the 
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stack. Because the production of the perforated 
plates that might be used for an insulating support 
in a specific case was found to be expensive, it Was 
also decided to try stacking the perforated and plaiy 
rectangular plates in alternate lavers. In comparing 
the thermal resistance of the the thre, 
types of rectangular plates, each tested at a total 
load of 422 Ib, it was found that the stack of plaip 
plates had a resistance of 0.260° K-in.?-watt pel 
plate; the stack of perforated plates, 0.420, and the 
alternate layered stack, 0.370 


stacks of 


c. Teflon-Separated Plates 


A stack of rectangular plates with thin (approxi- 
mately 0.00025 in.) films of Teflon placed between 
them was found to be a comparatively poor insulato 
at the low pressures. The high compressibility of th 
plastic resulted in a greater area of contact between 
it and the metal lavers than would be realized 
between metal layers alone. However, at the higher 
the Teflon-lavered stack was a goo 
insulator, the area of the thermal contact having 
approached a constant value. At all pressures the 
plastic acted as a good insulator because of its low 
thermal conductivity. The conduction curve for the 
Teflon-lavered plates is shown in figure 10, curve D 





pressures, 


d. Greased Plates 


The application of grease to the Monel plates of a 
stack resulted in a 
nearly 16 percent at a pressure of 600 psi, as shown 
in figure 10, curve B (the stack of greased plates was 
loaded cold). A verv thin laver of Dow-Corning 
high-vacuum crease Was applied to each plate The 
considerable increase in conduction by the greased 
plates may be explained in this manner: The coating 
of grease filled in the small spaces between the plates, 
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rl oundarys nperature rt und 206° Kk A (@), a stack of 0.017-in 
Monel plat B O.O17-i reased Monel plat ( . 0.004-ir lean plat 
0.004-in. Teflor parated plate 
resulting in a more positive thermal contact. It is 


seen, therefore, that caution should be taken when 
one assembles a stack of plates, keeping each plate 
as clean as possible 


3.4. Application of Multiple-Contact Supports 


liquid-hydrogen Dewar, designed at the NBS 

AEC Cryogenic Engineering Laboratory, was con- 
structed with multiple-contact supporting members. 
Each of these separating members was made by 
tightly rolling a strip of type 304 stainless steel into 
a coil, the strip being 0.0021 in. thick, approximately 
100 ft long and 1 in. wide. The inner diameter of 
the coil was approximately 2 in. and the outer 
diameter approximately 5 in. The coil was tested 
for conduction in an apparatus similar in oper ation to 
the original multiple-support testing equipment. 
The results of the conduction tests between nitrogen 
and room temperature, using a strip dusted with 
manganese dioxide, are shown in figure 11. It was 
not feasible to compute the heat conduction by a 
coil from the conduction by a stack of plates because 
it was not known how much heat flowed along the 
circumference of the coil nor how large was the effec- 
tive cross-sectional area through which the heat 
flowed 


3.5. Nonmetallic Spheres 


The resuits of tests on nonmetailic spheres are 
shown in figures 12a, 12b, 12¢, and 12d, wherein the 
heat current per sphere is plotted as a function of the 
load per sphere. Each of the spheres in 
made little more than point contact at no load. The 
conduction increased with sas ge loads because 
the area of contact was increased, but it tended to 
level off at the higher veers as this area approached 
a constant value. 7 he dle ‘pe ndene ec of conduct Lon 
varied with the type of material of 
the material was soft, the sphere 
at the higher loads, resulting in a 


if S socket 


Oh pressure also 
the sphere, 6. 2.. 
would flow slightly 


creater area of contact 


total load on a type 304 stainless-steel strip, 
0.0021 in. thick, 1 in. wide, which is 
dusted with manganese dioxide and rolled 
into a tight coil. 


Che boundary temperatures are 76° and 296° k. 


It is seen that of the four types of spheres tested, 
ceramic was found to be the best conductor and 
Pyrex glass was found to be the poorest conductor of 
heat. A load has more effect on the flow of heat 
through the ceramic spheres because the contact 
resistance has proportionally more effect in the case 
of the better conductor. Although the conductivity 
of Micarta is less than that of Pyrex, the conduction 
through the Micarta spheres was found to be greater 
than through the Pyrex spheres, possibly because of 
the slight flow of Micarta at the higher loads. 

There was a small error due to a comparatively 
small temperature drop across the stainless-steel 
plates that were used for support of the spheres. 
The conduction through the spheres was actually 
creater than was measured. 

In all cases, the conduction from 76° to 20° K is 
very much less than that from approximately 296 
to 76° K. This is a consequence not only of the 
smaller temperature interval but also of the great 
decrease of the thermal conductivity of noncrystalline 
materials below 76° K. 

Because the purpose of these measurements was 
to provide — mation about members that would be 
expected to have usefulness as insulating supports, 
some tests were conducted on the spheres to deter- 
mine their crushing strength. The Pyrex-glass 
spheres failed at approximately 2,000 lb per sphere 

two measurements). The ceramic spheres supported 
10,000 lb each without failure. 

The conduction data on the spheres should be 
considered in relation to their compressive strength. 
At first sight it appears that the higher strength of 
the ceramic spheres offsets their larger thermal con- 
duction. This, of course, assumes that they will be 
used at high loads. If a support is designed for loads 
that would take the full advantage of the strength 
of the ceramic spheres, it would be necessary to 
provide hard bearings for the spheres to rest against, 
possibly of the same ceramic material. For average 
loads, the Pyrex spheres would be the most suit: able. 
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4. Previous Experiments 


The use of multiple contact members as insulating 
supports was suggested by the experience of other 
workers who had to go to great pains to obtain good 
thermal contact in a vacuum. 

R. B. Jacobs and C. Starr, in an effort to design a 
good thermal switch, carried out experiments at 
MIT in 1939 * wherein the heat conducted bec ween 
two optically flat metallic surfaces in close contact 
with each other in a vacuum was measured as a 
function of contact pressure. Three different thermal 
switches were tested, one made of copper, another of 
silver, and the third of cold. 

In 1949, S. C. Collins directed experiments * at 
MIT similar in nature to the and Starr 
experiment. The thermal resistance between 
tically flat copper surfaces was measured 

In both these experiments it was found necessary 
to apply considerable pressure to obtain low thermal 


Jacobs 


Op- 


resistance 

R. B. Jacobs and C. Starr. Thermal conductance of met tacts. Re 
Sei. Instr. 10, 140 (April 1939 

‘As described in a private communication from D. B. ¢ t ho w 
t : with Collins in 1949 
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5. Conclusions 


The most important conclusions to be drawn from 
these results are (1) the principle of multiple thermal 
contacts offers the designer of cryogenic equipment 
a simple rugged support that occupies small space, 
(2) the best assembly tested consisted of a stack of 
stainless-steel plates, 0.0008 in. thick. Its thermal 
conduction when supporting a load of 1,000 psi was 
only 2 percent of that of a solid conductor of the 
same dimensions, (3) the insulating value of such a 
support is enhanced by introducing a tiny amount 
of dust (MnQ,) between the plates, and (4) for best 
results the support should be designed for high load- 
ing per unit area. 


The authors thank R. L. Powell for his assistance 


in designing the apparatus and developing the 
experimental procedure. 
Bovu.Lper, Coro., August 30, 1956. 
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